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Influence of the nutritional status 
on facial morphology in young 
Japanese women
Chihiro Tanikawa1*, Miki Kurata3, Noriko Tanizaki3, Mika Takeuchi3, Edlira Zere1, 
Keisuke Fukuo3 & Kenji Takada2

Evidence regarding the possible influence of nutritional status on the facial morphology has thus far 
been insufficient. We examined whether or not the physical body compositions and dietary behaviors 
were correlated with any morphological characteristics of the face. One hundred and fifteen young 
Japanese women participated. Variables representing the dietary behaviors were extracted from self-
reported survey data, and corresponding three-dimensional (3D) facial images and body compositions 
were examined. Multivariate analyses identified significant relationships between the nutritional 
status and facial topography (p < 0.05). The clustering method revealed the existence of three dietary 
condition patterns (“balanced diet”, “high-calorie-diet” with obesity tendency, and “imbalanced low-
calorie-diet” with sarcopenic obesity tendency). Among these three patterns, a round face (increased 
facial width; analysis of variance [ANOVA], p < 0.05) was observed in the high-calorie-diet pattern, 
while the imbalanced low-calorie-diet pattern showed a more masculine face (increased face height, 
decreased eye height, increased non-allometric sexual shape differences; ANOVA, p < 0.05), thus 
suggesting the possibility of sex-hormonal influences. In summary, the body composition and dietary 
behaviors were found to influence the facial morphology, and potential biological influences were 
discussed.

The morphology of the human face is influenced by both genetic and environmental factors and their complex 
interactions. Because the face is a crucial interface for social interactions, elucidating these effects on facial mor-
phology has fascinated several disciplines, such as evolutional sciences, biology, forensics, and  orthodontics1,2. 
Thus far, the decomposition of facial characteristics into genetic and environmental factors has been achieved 
by estimating heritability (e.g. classically estimated by the proportion of the total phenotypic variance explained 
by additive genetic  variance3,4 and recently estimated by population-based genome-wide association  studies5,6) 
with twin models and parent–offspring models. As the estimated heritability for the facial features mentioned 
above has been generally reported to range from 40 to 80%7, the remaining 20–60% of variance in facial mor-
phology seems to be related to environmental factors and the interaction between environmental factors and 
heritability. However, previous studies have mainly focused on genetics, and evidence concerning the influence 
of the environment has been limited.

A number of environmental factors can affect facial characteristics, including hormones, nutrition, diseases, 
trauma, surgery, dentofacial orthopedics, lifestyle factors (smoking, drinking, exercise, etc.), and the oral function 
(chewing, breathing, and swallowing)8. Among these, the nutritional status is one of the most important factors 
affecting the body and even the facial morphology. Under adverse nutritional conditions (e.g. lack of dietary 
protein), the physical body height growth of children can decline, and even their adult height can be  affected9. 
Regarding facial characteristics, many  studies10–12 have shown subjects with a high body fat proportion to have 
facial characteristics of adiposity. A previous  study13 indicated that subjects with increased buccal fat were more 
likely to have increased visceral fat, so patients with chubby cheeks may be at a higher risk of metabolic compli-
cations of obesity than others.

Furthermore, several computer algorithms have been proposed for automatically predicting obesity or the 
body mass index (BMI) using facial two-dimensional (2D)  photographs14,15. A study using geometric morpho-
metric modeling of facial landmark data in 2D  photographs16 successfully predicted the BMI (32% of variance 
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explained) and percentage body fat (21%). In addition to effects on soft tissue, recent studies have further 
clarified the influence of obesity or a high BMI on the hard-tissue craniofacial morphology using roentgen 
 cephalograms17. These studies showed that obesity results in a greater facial size and bimaxillary protrusion with 
advanced maturation with or without vertical differences. This is assumed to be related to the fact that obesity 
can cause precocious puberty (earlier sexually development) and advanced bone  maturity17, indicating the sex-
hormonal association of obesity.

Sex hormones are another important factor related to facial  shapes18. For example, several previous studies 
have shown that a high testosterone level in women was related to perceived ‘maleness’ in the face (a greater 
height-to-width ratio of the mid-face)18. A twin study using magnetic resonance imaging showed that women 
with a male twin, who were presumably exposed to greater fetal testosterone levels than most female neonates, 
exhibited greater facial ‘maleness’ characteristics than those with a female  twin19. There have been several studies 
examining the relationships between eating behaviors and sex  hormones20–23. For example, positive associations 
of saturated  fat21 and total  fat20 with estrogen concentrations have been observed in cross-sectional studies of 
premenopausal Japanese  women22. A previous study clarified three distinct dietary patterns of "traditional diet," 
"unhealthy diet," and "protein diet," showing that the "unhealthy diet" pattern was significantly positively associ-
ated with precocious puberty in both boys and  girls23. This suggests that the hormonal status is affected by the 
dietary intake and may be related to facial characteristics. It is therefore reasonable to consider that the dietary 
intake can influence the facial shape through sex hormones.

However, little is known at present regarding the influences of holistic nutritional status, including the dietary 
intake, eating behaviors, and body composition, on the facial  form24. Furthermore, most of these previous find-
ings were primarily based on 2D  photos17,25, which leads to difficulties in discussion from a biological aspect. In 
addition, indices to express ‘maleness’ in previous  studies18,19 were only based on observers’ perception; however, 
one  study26 showed that the shape features perceived as masculine only partly resembled the biological facial 
sexual dimorphism characteristics.

Recent technological advances have shown that three-dimensional (3D) soft-tissue facial examinations using 
geometric morphometrics may provide useful information concerning the  face27,28. For example, a previous 
 study29 showed that the 3D facial features are more reliable aging biomarkers than blood profiles and can reflect 
the general health status better than chronological age. Another 3D  study30 demonstrated a method to measure 
biological sexual shape dimorphic  (SShD31) characteristics based on the 3D facial images obtained using an 
approach associated with  morphometrics31. Non-allometric (i.e. non-size-related and shape-related) part of SShD 
sexual dimorphism has been considered to more closely reflect the effects of androgens than the allometric (i.e. 
size-related)  aspects26. Thus, 3D facial images are assumed to be beneficial for examining the influences of eating 
behaviors including consequent sex hormonal changes on the facial morphology.

Therefore, the present study examined whether or not the nutritional status correlated with the 3D facial 
morphology in young Japanese women and discussed potential biological explanations for the relationship 
between facial characteristics and the nutritional status.

Results
Direct comparisons between nutritional status and 3D facial shapes. Pre‑process of dietary in‑
takes. Based on a food frequency questionnaire collected from the total participants, seven significant nu-
tritional principal components (nPCs 1, 2, …, 7; Fig. 1) were extracted. These nPCs 1, 2, …, 7 represented the 
90% variation of the total variation in dietary nutrition. nPC1 was extracted as the axis indicating the total 
amount of overall nutrition (except for the n-6-to-n-3 fatty acid ratio), and nPC2 was extracted as the type of 
fatty acid (FA), specifically the vegetable oil (positive direction) to animal oil (negative direction) ratio. nPC3 
was extracted as the axis representing the total amount of carotene (positive direction) and energy, lipid, and FA 
(negative direction). nPC4 was extracted as the axis representing the saturated FA ratio (positive direction) and 
a larger fish oil ratio, greater intake of protein relative to the total energy, and larger vitamin D and mono- and 
polyunsaturated FA ratio (negative direction). nPC5 was extracted as the axis representing the n-6/n-3 FA ratio 
(positive direction) and fish oil ratio, vitamin D, and vitamin B12 (negative direction).

Pre‑process of facial shapes. The facial shape, with the size of the face eliminated from the original faces, was 
decomposed into eight significant facial shape principal components (sPCs 1, 2, …, 8, Fig. 2). These were found 
to explain 70.9% of total samples. A positive value of sPC1 (19%) indicates a greater facial width, midfacial 
retrusion, protrusion of the chin, and anterior divergent of the face; sPC2 (17%) indicates a concave profile with 
a greater width of the lower face; sPC3 (10%) indicates a protruded mid-face, greater width of the chin, and flat-
tened forehead; sPC4 (9%) indicates a protruded mid-face, including the base of the nose at a higher position on 
the nasal base relative to the eyes; sPC5 (8%) indicates a great mandible height and protruded chin; sPC6 (7%) 
indicates an anteriorly and laterally protruded nose and cheek; and sPC7 (5%) indicates thin lips, a retruded 
nose, and reduced nasal width.

Results of a regression analysis to estimate the nutritional status (dependent variables) based on the facial shape 
(independent variables) with a multivariate analysis of covariance (MANCOVA). Three dietary behavior vari-
ables (nPCs 4 and 6 and the score representing unhealthy eating behaviors) and four body composition variables 
(body weight, total muscle mass, total fat mass, BMI) were found to be related to facial shape variables (sPCs 1, 
4, 5 and 7) on a stepwise regression analysis (p < 0.05). After these variables were entered into a MANCOVA for 
adjusted multiple testing, nPC6, body weight, total muscle mass, fat mass, and the BMI were ultimately found 
to be significantly related to facial shape variables sPCs 1, 4, 5 and 7 (F [7, 98]  = 3.78, p = 0.01, Wilks’ λ = 0.79, 
partial η2 = 0.21, Supplementary Tables S1 and S2).
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Regression coefficients of MANCOVA are shown in Fig. 3 as a heat map. The details of the regression analysis 
are shown in the Supplementary Tables S1 and S2, and Fig. 3 shows the facial visualization of these three dietary 
condition variables and four body composition variables.

In detail, nPC6 explained 10% of facial variation and was found to be significantly related to sPCs 1 and 4, 
suggesting that subjects showing a greater consumption of lipids (%energy) with a larger saturated FA ratio 
and smaller monounsaturated FA ratio (negative direction of nPC6) tended to show a long face due to a higher 
position of the eyes relative to the nasal base and posterior divergent faces or high angles (negative directions 
of sPCs 1 and 4, p < 0.05).

The body weight, total muscle mass, body fat mass, and BMI explained 14%, 10%, 12%, and 16% of facial 
shape variation, respectively. These body composition variables were significantly related to sPC5, thus suggest-
ing that subjects with a large weight, muscle/fat mass, or BMI tended to show a greater mandible height and 
protruding chin (sPC5, p < 0.05). A greater fat mass was significantly related to thin lips, a retruded nose, and a 

Figure 1.  Plot of the participants (red dots) in the space of the nutritional principal components (nPCs). nPCs 
1, 2, 3, 4, 5, 6, and 7 accounted for 52%, 10%, 9%, 7%, 6%, 4%, and 2% of the total variation in the samples, 
respectively. Word clouds at the ends of each axis indicate the direction of nPCs 1 through 6, where the relatively 
large and orange words are the most highly weighted words in each axis, while the smaller and black words were 
the secondary weighted words.
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smaller nasal width (sPC7, p < 0.05). In addition, a large BMI was found to be related to sPC1, suggesting that 
subjects with a large BMI tended to show an increased facial width, midfacial retrusion, and chin protrusion 
with anterior divergent faces (sPC1, p < 0.05).

Canonical correlations between the nutritional status and facial shape variables. A canonical variate (CV) analy-
sis examining the facial characteristics and nutritional contents showing maximum correlation between them 
found significant canonical correlations between the nutritional status and face (first canonical variate [CV 1], F 
[76,341.15] = 1.48, p (F) = 0.01, Wilks’ λ = 0.32, r =  + 0.60).

Visualization of the correlated nutritional axis and faces is shown in Fig. 4. In short, the nutritional status 
explained by a greater BMI, greater intake of dietary cholesterol, animal oil relative to total oil, and salt was 
significantly correlated with the facial characteristics of a greater facial width, midfacial retrusion, protrusion 
of the chin, an anterior divergent face (sPCs 1, 4, and 7), a lower position of the nasal base relative to the eyes 
(sPC4), smaller mandible height (sPC5), thick lips, and a greater nasal width (sPC7). These results were mostly 
consistent with those of the MANCOVA.

Indirect comparisons between nutritional status and 3D facial shapes. Clustering of the subject 
groups based on holistic dietary conditions. To quantify the 3D facial forms when maximizing the differences 
between distinct dietary intake patterns, the mathematical clustering method was used to subclassify the partici-
pants into three subject groups (Codes) based on the nutritional intake and eating behavior scores. The results 
are summarized in Table 1 and shown in Supplementary Tables S3–S8 as well as Supplementary Texts S1–S3. 
In short, Code 1 (n = 42), Code 2 (n = 41), and Code 3 (n = 32) were labeled as a “balanced low-calorie dietary 
pattern”, “high-calorie dietary pattern”, and “imbalanced low-calorie dietary pattern,” respectively, based on the 
significant differences in multiple comparisons among Codes, as shown in Table 1 and described below.

Both Codes 1 and 3 were low-calorie-diet patterns, but Code 3 was characterized by less animal-related nutri-
tion (e.g. reduced intakes of n-3 polyunsaturated FAs, vitamin D, vitamin B12, niacin, and animal protein), more 
vegetable-related nutrition (e.g. greater vegetable oil ratio, carbohydrate, n-6 polyunsaturated  FAs32), a prefer-
ence for sugar and fatty foods, emotional eating behavior, a faster eating style, night eating, and the recognition 
of easy weight gain.

Regarding body composition, both Codes 2 and 3 showed a greater BMI and fat mass than Code 1 (p < 0.05), 
while the body weight and muscle mass did not show significant differences among the three Codes. Code 3 
showed the highest fat percentage among the groups (p < 0.01).

Furthermore, the additionally calculated fat-free mass index (FFMI, fat-free mass/height2) and fat mass index 
(FMI; fat mass/height2)33 indicated that a high-calorie-diet showed a greater FFMI than Codes 1 and 3, and Code 
3 showed a greater FMI than Code 1, indicating that Code 3 is classified as a “sarcopenic obesity tendency” and 
Code 2 is classified as an “obesity tendency”33. We use the word “tendency” here to describe the slight differences 
in normal-weight subjects, as 99% of subjects were considered either underweight or normal weight.

There were no significant differences among the code groups in physical activity level, duration of physical 
exercises, birth weight, 2-year change in weight, sleep duration, or menarche age for the 43 randomly selected 
participants (p > 0.05, Supplementary Text S4, Supplementary Table S9).

3D soft‑tissue facial forms specific to each pattern. The facial characteristics specific to each pattern were visual-
ized in Fig. 5.

Figure 2.  Shape principal components (sPCs) 1–8. Yellow indicates the + 3 standard deviation (σ); blue, − 3 σ. 
sPCs 1–8 accounted for 70% of the total variation of the faces in the samples. A custom-made MATLAB based 
software (MATLAB 2021a, The MathWorks, Inc., Natick, MA) was used to create this figure.
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The non-allometric SShD of Code 3 was significantly greater than that of Code 2, and that of Code 2 was 
significantly smaller than that of Code 1 (p = 0.004, F = 5.83, η2 = 0.1), indicating that an imbalanced-diet pattern 
was associated with a ‘masculine face’, whereas a high-calorie-diet pattern was associated with a ‘feminine face’. 
There were no significant differences in the CS, SShD, or allometric SShD among the Codes.

A detailed landmark-based analysis (Supplementary Table S7)34 clarified that a Code 1 balanced diet pattern 
showed smaller zygomatic and gonial widths than the other two patterns.

The Code 2 high-calorie-diet group showed a greater zygomatic width to facial height than Code 1. In addi-
tion, Code 2 also showed a lower vertical position of the nasal bridge relative to the eyes than Code 1 and Code 
3 subjects, indicating a low and depressed nasal  bridge35. A low nasal bridge is generally related to a short nose, 
flat nasal bridge, and flattened  midface36. These results suggest that a high-calorie-diet pattern led to a greater 
facial width with midfacial retrusion and protrusion of the chin than the other two groups, results that were 
almost concordant with those of the MANCOVA (body compositions) and negative direction of the first CV 
of the CV analysis.

The Code 3 imbalanced low-calorie-diet group showed a significantly greater mandibular height than the 
other two groups. Code 3 was also characterized by a smaller eye height than the other two groups.

Relationships between the nutritional status and facial characteristics observed in Code 3 corresponded to the 
findings concerning a positive direction of nPC6 on the MANCOVA (greater consumption of lipid [%energy] 
and calcium with a smaller intake of monounsaturated FA ratio) and a positive direction of the first CV of the 
CV analysis.

Discussion
In the present study, we demonstrated that the nutritional status was associated with facial morphology in young 
Japanese women in three multivariate analyses (MANCOVA following PCA, CV analysis, clustering analysis). 
In particular, the clustering analysis determined three major dietary patterns in this population: the balanced 
low-calorie-diet pattern (Code 1), high-calorie-diet pattern (Code 2), and imbalanced low-calorie-diet pattern 
(Code 3). All of these analyses consistently showed two results: (1) high-calorie-diet pattern showed greater facial 
width, midfacial retrusion, protrusion of the chin, and anterior divergent face than a balanced diet pattern. In 
contrast, an imbalanced-diet pattern, which was mainly characterized by a preference for sugar (carbohydrate) 
and fatty foods but low energy, showed an increased lower facial height and small eye height. The imbalanced-diet 
pattern was confirmed to be related to biological ‘masculine’ facial characteristics using geometrics morpho-
metrics. Body composition showed that the imbalanced-diet pattern was characterized by a sarcopenic obesity 
tendency, and the high-calorie-diet pattern was characterized by a simple obesity tendency. The balanced-diet 
pattern was characterized by a normal body composition. The details are described below.

Thus far, several studies have shown that Western dietary intake patterns are significantly associated with obe-
sity, insulin resistance (a status of inability of insulin to increase glucose uptake and  utilization37), and metabolic 
syndrome, which are risk factors for cardiovascular  disease38. A Western dietary intake pattern is characterized by 
a high intake of red meat, processed foods, sweets, dairy and refined grains, and soft drinks with a low intake of 
other  vegetables38 according to several studies using clustering or factor  analyses39. In the present study, a Code 
2 high-calorie-diet pattern corresponded to a typical Western dietary intake pattern because of the preference 
for fatty foods, snacks, sweets, and meat. Excess calories can be stored in fat cells, which seems to have resulted 
in the increased BMI and facial adiposity in the high-calorie-diet pattern in the present study. Visualization of 
the high-calorie-diet pattern helped show that this group had facial adiposity or a rounded appearance due to 
fat deposits on the sides of the face (Fig. 5).

These results are in line with several previous studies regarding facial appearance in  2D10. A previous study 
using 2D photos from 22 women showed that the subjects with a high body fat proportion had a larger lower face 
with a wider jaw outline, shorter and wider nose, fuller lips, and more downturned mouth corners than those 
with less body  fat11. Another study that used 2D photos from 49 women showed that the faces of women with 
a high BMI had a wider and rounder facial outline relative to the size of the eyes and lips and lower eyebrows 
than those with a low  BMI11. Another study using a total of 194 2D photos consisting of 2 groups of Caucasian 
women and two groups of African women showed that the width-to-height ratio was associated with the  BMI40. 
A study using 2D photos from 526 women showed that the greater BMI group showed reddish, round  faces15. 
In the present study, fuller lips and wider nose were not observed in the high-calorie-diet group, but the other 
facial characteristics previously observed in increased BMI subjects were consistent in the present study.

It was assumed that a high-calorie-diet pattern was related to not only soft-tissue but also hard-tissue crani-
ofacial shapes. Cephalometric research has shown correlations between facial shape and the BMI. A previous 
study using 50  adolescents41 showed a greater maxillary and mandibular length (by 3–3.5 mm and 8–10 mm, 
respectively) in the obese group than in controls. A mandibular height was found to be greater in the obesity 
group than in the controls, and the mandibular plane angle was smaller in the obesity group than in the control 
group, resulting in less convex  profiles41. This is consistent with the present results concerning midfacial retru-
sion and posterior divergence of the face in the high-calorie-diet pattern and with a negative direction of CV1. 
Because the previous results regarding hard-tissue were obtained in children and adolescents, whether or not 
these cranio-facial characteristics will hold through adulthood is unclear. However, it is still possible that the 
current findings of less facial convexity (chin protrusion and a retruded midface) with the high-calorie-diet 
pattern may be due to the skeletal influence of the nutritional status. Further studies regarding the influence of 
the nutritional status on the hard tissue will be needed.

Regarding the mechanism underlying the changes in facial shape with a high-calorie-diet pattern, sex hor-
mones might be involved. In the present study, we found a significantly ‘feminine’ facial shape compared with 
an imbalanced-diet pattern using non-allometric SShD. This is due to the fact that biological non-allometric 
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feminine features are characterized by an antero-posteriorly small nose (midface) and increased sagittal cheek 
protrusion in the infraorbital  region30. There have been many studies showing that Western-type dietary pat-
terns are consistently associated with higher estrogen concentrations in premenopausal and post-menopausal 
 women39,42. This is because adipose tissue is a major site for metabolism of sex steroids, and adipose tissue 
contributes up to 100% of estrogen in postmenopausal women and approximately 75% of total estrogens in 
premenopausal  women43. Furthermore, a greater dietary energy intake was inversely associated with androsten-
edione and dehydroepiandrosterone sulfate (DHEAS) in premenopausal  women44. Thus, higher estrogen and 
lower androstenedione and DHEAS levels might be related to the facial characteristics in the high-calorie-diet 
pattern. A study measuring the plasma estrogen level showed that 2D average facial pictures for subjects with 
high estrogen levels shared similar features to our high-calorie-diet pattern  subjects45. Thus, the biologically 
feminine facial shape observed in the present study may be related to elevated estrogen levels. Further studies 
are needed to confirm the hormone levels in each pattern.

Regarding the present finding that the presence of facial adiposity with an increased BMI was associated with a 
feminine facial morphology, several psychological studies have shown contradictory results; namely, an increased 
BMI in women was concluded to be associated with perceived ‘maleness’ of the  face18,46. This contradiction can 
be explained by two hypotheses. First, the previous psychological study was based on ‘perceived’ maleness facial 
characteristics, regardless of the evidence that the shape features perceived as masculine only partly resembled 
the biological facial sexual dimorphism  characteristics26. Indeed, consistent with these psychological studies, the 
present findings also showed a significantly increased facial width-to-height, which has been used as a feature 
indicating increased perceived ‘maleness’ in psychological studies. Second, the ‘obesity’ group used in previous 
psychological studies may have included subjects with a high-calorie-diet obesity tendency as well as those with 
an imbalanced-diet sarcopenic obesity tendency, both of which show an increased BMI. Further psychological 
studies with isolating these obesity types will help resolve this contradiction.

Regarding the imbalanced low-calorie-diet pattern (Code 3), the pattern was mainly characterized by a prefer-
ence for sweets and fatty foods and a decreased dietary intake of animal protein (including fish) and Vitamins D 
and B12. The results indicated that this type of eating behavior can cause a sarcopenic obesity tendency. Sarco-
penic obesity is primarily used to describe older individuals, being defined as a low skeletal muscle mass relative 
to the total body  mass47. However, sarcopenia has recently been reported to be related to disease susceptibility, 
even in healthy young  adults48. Young Japanese women have shown a particularly high prevalence of pre-sarco-
penia at 36%49. A previous study showed that sarcopenic obesity in young women was often (53%) observed in 
women with polycystic ovary syndrome (PCOS)50, where PCOS is a very common endocrine disorder in young 
women, with an estimated prevalence of 5% to 12% in premenopausal women. Clinical features associated with 
this syndrome include hyperandrogenemia, reproductive dysfunction, insulin resistance, and  hyperinsulinism51. 
Furthermore, previous  studies50,52 have shown that Vitamin D deficiency is related to metabolic risk factors in 
POCS patients. Thus, while only an assumption, we may reasonably suspect that a sarcopenic obesity tendency 
in combination with Vitamin D deficiency due to an imbalanced low-calorie-diet pattern is associated with a 
high biological level of androgen, causing ‘masculine’ faces.

Although the mechanisms for sarcopenic obesity and a high androgen profile remain somewhat unclear, 
increased liver  fat53 and decreased levels of sex hormone-binding globulin (SHBG)54 may be involved. A quali-
tative decline in muscle mass and an increase in fat mass with sarcopenic obesity may cause an increase in the 
amount of liver fat (nonalcoholic fatty liver)55. Further, this increased amount of liver fat is likely to cause a 
decrease in SHBG, which is produced and secreted by the liver into the  bloodstream53. Because SHBG binds to 
sex steroids and thereby regulates their  bioavailability56, decreased SHBG levels are related to an increased bio-
availability of  androgens57. The association between nonalcoholic fatty liver disease and sarcopenia was found to 
be stronger in younger groups than in older  ones58. Thus, it is reasonable to assume that the sarcopenic obesity 
tendency of the present imbalanced-diet pattern in young women may cause an increased bioavailability of 
androgen.

Finally, the balanced low-calorie-diet pattern (Code 1) was characterized by a low energy intake with the 
lowest intake of carbohydrate (e.g. sugar) among all three groups, well-balanced intakes of macronutrients, and 
the greatest intake of fish oil (n-3 polyunsaturated FAs). These characteristics suggest that the balanced-diet 
pattern had a diet including fish (i.e. the traditional Japanese diet). The Japanese consume on average more than 
100 g of fish every day from  childhood59. The current understanding regarding the possible effects of dietary n-3 
polyunsaturated FAs on adiposity in humans is limited, although high intakes reportedly reduce the degree of 
fat  accumulation60. It has also been documented that rats fed a high-fat diet supplemented with fish oil had less 
fat in their perirenal and epidydimal fat pads and decreased adipocyte volumes than those fed lard. It appears 
reasonable to assume that a reasonable intake of n-3 polyunsaturated FAs may contribute to obesity prevention. 
n-3 polyunsaturated FAs also exert beneficial effects on the skeleton, as n-3 supplementation is associated with 

Figure 3.  Results of a multivariate analysis of covariance (MANCOVA). (A) Heat map of regression coefficients 
among nutritional principal components (nPCs), dietary conditions, and facial shape principal components 
(sPCs) and between physical body conditions and sPCs. Blue denotes smaller coefficients and yellow larger 
values. SFA saturated fatty acids, Vit Vitamin, Ca Calcium, MUFA mono-unsaturated fatty acids, PUFA 
poly-unsaturated fatty acids. (B) 3D face visualization of nPC6, and body compositions. Blue indicates the 
− 3 standard deviation (σ); yellow, + 3 σ, which corresponds to 36.4 and 64.6 kg for the body weight, 14.1 and 
26.5 kg for the muscle mass, 4.8 and 21.7 kg for the fat mass, and 15.4 and 25.2 kg/m2 for the body mass index. A 
custom-made MATLAB based software (MATLAB 2021a, The MathWorks, Inc., Natick, MA) was used to create 
this figure.
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bone mineral density at various locations in  mice61. They also help to prevent bone loss induced by ovarian 
 resection62,63. These observations may primarily be due to the specific inhibitory effects of docosahexaenoic acid 
on osteoclast differentiation, activity, and the systemic inflammatory  environment64. Randomized controlled 
trials have reported the association of muscle mass and performance with specific nutrients, such as n-3  FAs65. 
A previous  study66 showed that n-3 polyunsaturated FAs reduced the levels of plasma inflammatory cytokines. 
The slim facial proportion, brighter eyes, shapely nose, and elevated angles of the mouth in the balanced-diet 
subject group observed in Fig. 5 may well explain the possible effects of increased n-3 FAs combined with healthy 
eating behaviors on facial shape.

In the present study, we examined eating behaviors using questionnaires. Leptin, an adipocyte-derived hor-
mone, acts on neurons in certain brain areas and strongly inhibits feeding behavior, and obese subjects sometimes 
demonstrate leptin resistance. Leptin resistance is defined by a reduced sensitivity or failure in response of the 
brain to leptin, showing a decrease in the ability of leptin to suppress appetite or enhance energy expenditure, 
thus causing increased food intake and finally leading to overweight and obesity. As a result, the increased 
scores in appetite-related eating behaviors shown in the present study may suggest increased leptin resistance. 
As leptin is an adipocytokine secreted by adipose tissue, this explanation concerning an increased appetite in 
both unhealthy groups appears reasonable.

Figure 4.  Result of a canonical variate (CV) analysis. A significant correlation was found in the first CV (CV 1, 
p < 0.01, r = 0.60). (A) Nutritional axes of CVs 1 and 2  (U1 and  U2, respectively).  U1 was associated with a greater 
intake of n-6 polyunsaturated FA relative to n-3 unsaturated FA, deep-yellow-vegetable relative to the total 
vegetables, and niacin. In contrast, the negative direction of the U-axis was associated with a larger BMI and 
greater intake of dietary cholesterol, animal oil relative to total oil, and salt. (B) Visualization of the facial axis of 
CV1  (V1). A CV analysis showed that  V1 was explained by shape principal components (sPCs) 1, 4, 5, and 7 with 
standard coefficients of − 0.67, + 0.34, − 0.56, and − 0.34, respectively. This means that the V-axis was associated 
with a smaller facial width, midfacial protrusion, posterior divergent face (sPCs 1, 4, and 7), lower position of 
the eyes (sPC4), smaller mandible height and retruded chin (sPC5), thick lips, and greater nasal width (sPC7). 
(C) A scatter plot of  U1 (nutrition) and  V1 (facial shape). A custom-made MATLAB based software (MATLAB 
2021a, The MathWorks, Inc., Natick, MA) was used to create this figure.
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The present study employed data-driven methods. The method used in the present study resembles the 
recently developed model used in the Environmental-Wide Association Study (EWAS). The EWAS was proposed 
to identify multiple environmental factors (173 to 266 nutritional and lifestyle factors) associated with complex 
diseases (e.g. deficiency  testosterone67, peripheral arterial  disease68) by borrowing the GWAS methodology, 
including a data-driven analysis. To our knowledge, the present study was the first to examine the 3D facial mor-
phology based on multiple environmental factors (i.e. dietary intake, eating behavior, and body compositions) 
using a data-driven method. As described  previously69, it is difficult to explain the facial environmental factors 
using only the present data-driven research. Further classical hypothesis-driven research would be beneficial to 
confirm the present results.

Several limitations associated with the present study warrant mention. First, the sample size included in our 
analysis was relatively small; it is possible that our results would have differed with a larger sample. Second, our 
sample population had limited variation in age (mean age, 20 years old) and ethnicity (Japanese). Therefore, 
readers should consider these sample variations when applying our findings to different populations. Third, our 
study included mainly underweight and normal-weight subjects. A wide range of samples should be considered 
in future studies. Fourth, previous studies also proved that the dietary intake influenced the skin appearance, 
specifically the skin  color70 and skin-aging  appearance71. Further research, including that incorporating facial 
skin color, would help clarify the influence of eating behaviors on facial appearance. Furthermore, our Japanese 
samples were mainly (81%) from the local Kinki area. A previous study showed that the populational origin of 
Japanese subjects was related to specific facial morphological characteristics (i.e. the indigenous hunter-gathering 
population Jomon ancient has a short face, while the rice-farming population Yayoi ancient has a long  face72), 
but we did not consider the hometown as a confounding factor. This is because gene examinations in Japan have 

Table 1.  Summary of the dietary intake and eating behavior and the corresponding physical condition, 
including facial characteristics. For details, please see Supplementary Tables S1–S3. (−) denotes a significantly 
smaller value than the other 2 groups; (+) denotes a significantly greater value than the other 2 groups; NS, not 
significant (ANOVA, p < 0.05, post-hoc test, Tukey–Kramer). [] indicates the number of faces used.

Variables

Code 1 (n =  4541) Code 2 (n =  3635) Code 3 (n =  3433)

Balanced low-calorie-diet pattern High-calorie-diet pattern Imbalanced low-calorie-diet pattern

Nutritional contents

Fish oil ratio (+)
Carbohydrate (−)
Salt/Sodium/Phosphorus (−)
Retinol (−)

Energy (+)
Carbohydrate (+)
Protein (+)
Lipid (+)
Saturated/monounsaturated fatty acid (FA) 
(+) Fish oil ratio (+)
Cholesterol (+)

Carbohydrate (+)
Animal protein ratio/protein (−)
Fish oil ratio (−)
Vegetable oil ratio (+)
n-3 polyunsaturated FA (−)
n-6/n-3 FA ratio (+)
Vitamin D/B12, Niacin (−)

Salt/Sodium/phosphorus (+) Monosaturated FA ratio (−)

Vitamin B1/ B2/ B6 (+)
Niacin (+)
Pantothenic acid (+) Tocopherol (+)

Mineral, calcium (+)

Nutritional principal components (nPCs) nPC4(−) [greater fish oil ratio, greater 
intake of protein relative to the total energy]

nPC1 (+), nPC3 (−) [greater total amount 
of overall nutrition (nPC1), greater intake of 
energy, lipid, and FA total amount (nPC3)]

nPC2 (+), nPC5 (+) nPC6(−) [greater 
vegetable oil ratio (nPC2), greater n-6/n-3 
FA ratio (nPC5), greater consumption of 
calcium, lipid (%energy), and saturated FA 
ratio (nPC6)]

Eating behavior

Bad recognition of weight (−) (+) (+)

Bad external eating behavior (−) (+)

Bad emotional eating behavior (−) (+) (+)

Bad sense of hunger (−) (+)

Bad eating style (−) (+) (+)

Bad food preference (−) (+)

Bad regularity of eating habits (−) (+)

Body compositions

Body mass index (BMI) (−) (+) (+)

Fat-free mass index (FFMI)33 (−) (+) (−)

Fat mass index (FMI)33, body fat (%) (−) (+) (+)

Body weight, muscle mass NS NS NS

Face
Smaller zygomatic width (|Zy-Zy|) Lower position of the Nasion when com-

pared with the eyes (|N-En|)
Greater lower face height and mandibular 
height (|Sto-Gn|, |Gla-Sn|/|Sn-Gn|)

Smaller gonial width (|Go-Go|) Laterally greater facial width relative to the 
height (|N-Gn|/|Zy-Zy|, |Gla-ls|/|Zy-Zy|) Smaller eye height (|Ps-Pi|)

Shape principal components

sPC1 (increased width and reduced height 
of the face) (−) (+) NS
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estimated that the Kinki area population has a Yayoi contribution of 80–90%, and other Japanese areas with 
high Jomon contributions (North and South areas of Japan) also show relatively high Yayoi contributions of 
70–80%73,74, and it was difficult to specify the genetic origin population of each participant. Our results showing 
that the hometown (whether participants lived with their families or not) was not related to the eating behavior 
pattern (Supplementary Text S4) indirectly indicate that the hometown can be excluded as a confounding factor 
when examining relationships between dietary behavior and facial morphology. However, future research should 
confirm whether or not the specific populational origin is related to facial characteristics and eating behaviors. 
Finally, the present study did not measure sex hormones directly, and the possible existence of hormonal influ-
ences was only discussed based on the SShD (sex differences of the face). Further research that measures sex 
hormones will be needed to directly clarify the link between sex hormones and facial morphology.

Once eating behaviors are learned incorrectly, their nutritional effects on an individual’s health accumulate 
over a lifetime. Thus, learning proper eating behaviors based on scientific evidence is important, especially in 
developed countries, where individuals can make their own choices about foods and eating styles. The recognition 
of facial changes associated with eating behaviors achieved in the present study may be effective in motivating 
individuals to correct their eating behaviors. Furthermore, the present study suggests the potential utility of 3D 
facial images for estimating the body’s condition due to nutritional influences. Since 3D images of the face include 
a large amount of information and can be captured even with smartphones these days, they may be useful in our 
daily lives for maintaining one’s health status or changing one’s eating behaviors in the future, as research on the 
use of artificial intelligence to estimate the nutritional status and body composition progresses.

In summary, the amount and patterns of macro- and micro-nutrient intake, eating behaviors, body compo-
sition were related to the 3D facial morphologies of young Japanese women. The present study discussed the 

Figure 5.  (A) The accentuated averaged faces for the three code groups determined in the present study; and 
(B) centroid size (CS), sexual shape dimorphism (SShD), allometric SShD, and non-allometric SShD. (A) For 
the computational procedure, see Tanikawa et al.30, where five was used as a weight to accentuate the differences 
among the codes. Top, lateral view; middle, frontal view; bottom, Moire image. Three facial images in Code 1, 
three facial images in Code 2, and two facial images in Code 3 showed insufficient data quality in the region of 
the ears and were thus excluded from the analysis. This insufficient data quality was due to some participants 
not perfectly removing their hair from around their ears, which was necessary for taking good-quality images 
with the 3D cameras. (B) M indicates hyper-masculine face, and F, hyper-feminine face. *p < 0.05 (ANOVA, 
Turkey-Kramer post-hoc test). A custom-made MATLAB based software (MATLAB 2021a, The MathWorks, 
Inc., Natick, MA) was used to create this figure.
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possibility that biological aspects (e.g. obesity, sex hormones) that can be altered by the nutritional status may 
influence the facial morphology.

Methods
The present study was approved by the Ethics Committees at Mukogawa Women’s University (No. 12-30). All 
experiments were performed in accordance with relevant guidelines and regulations.

Subjects. The participants were 115 female university students with an average age of 20.6 ± 0.48 (range 
19.3–23.2) years old. We recruited participants from School of Human Environmental Sciences, Mukogawa 
Women’s University (Nishinomiya, Japan) which is located in an urban area, to eliminate variations in educa-
tional status and residential area. The data were collected from May 2013 and May 2014. A written informed 
consent form was distributed to and signed by all participants. Informed consent was approved by the Ethics 
Committees at Mukogawa Women’s University (No. 12-30). No relatives were included among the subjects.

Data recording. 3D facial shapes. For the morphological characteristics of the soft tissue faces, 3D facial 
images were noninvasively recorded for each participant, using a 3D image-capturing device (3dMDcranial 
Systems; 3dMD LLC, Atlanta, GA, USA). Each participant sat upright in a chair with no back support. While 
recording, each participant was asked to keep the teeth in light intercuspation and the lips in repose.

Holistic dietary conditions. In the present study, we examined the participants’ holistic dietary conditions by 
combining information from the nutrition contents in daily food intake and eating behaviors.

Nutrition contents in daily food intake. Daily food intake was recorded for each participant using a food fre-
quency questionnaire on food  groups75, which comprised items from 29 food groups and 10 types of cooking, 
and calculated the average intake per week of each food or food groups in commonly used units or portion 
sizes. In detail, the participants were instructed to fill out questionnaires in which respondents described their 
consumption of 29 food groups and 10 types of cooking with regard to the amount (“A little”, “Normal”, and 
“Plenty”) and frequency (how many times a week). Regarding the amount of foods, visual aids (illustration 
and food models) were used to avoid bias concerning the actual portions. To estimate the intake of sugar, salt, 
and oils, questions about cooking methods (e.g. boiled, deep-fried, fried, and soup) were also collected. The 
survey time was 30  min for each participant. After the participants completed answering the questionnaire, 
three nationally registered dieticians (MK, NT, and MT) interviewed each participant to review the completed 
questionnaire. The nutrient intake was then estimated using an Excel software program add-in (Excel Eikun Ver. 
6.0; Kenpakusha, Tokyo, Japan) based on the Revised Standard Tables of Food Composition in  Japan76 as follows:

Nutrient intake = Portion size per food group (gram [g]) × Food amount category value × Number of times 
consumed in a week/7 days × Amount of each nutrient per gram of food group in the average composition  table76.

In this formula, the food amount category value was defined as follows: "No" = 0, "A little" = 0.5, "Normal" = 1, 
"Plenty" = 1.5. To estimate salt consumption, a question comparing the taste of each household’s condiments to 
that found in restaurants was also included, and the salt amount was adjusted by multiplying by 1.15 (equal to 
restaurant food) and 1.3 (saltier than restaurant food). Validation of this estimation approach was confirmed 
in a previous  study75.

Estimated nutrients included the following 53 nutrient items: energy [E] (kcal), grain (%E), water (g), protein 
(g), protein (%E), animal protein ratio (% total protein), lipid (g), lipid (%E), FA total amount (g), saturated 
FA (g), cholesterol (mg), monounsaturated FA (g), polyunsaturated FA (g), n-3 polyunsaturated FA (g), n-6 
polyunsaturated FA (g), carbohydrate (g), carbohydrate (%E), deep-yellow-vegetable ratio, dietary fiber water 
solubility (g), dietary fiber insolubility (g), dietary fiber total amount (g), retinol (μg), alpha carotene (μg), beta 
carotene (μg), cryptoxanthin (μg), beta carotene equivalent (μg), retinol equivalent (μg), vitamin D (μg), alpha 
tocopherol (mg), beta tocopherol (mg), gamma tocopherol (mg), delta tocopherol (mg), tocopherol equivalent 
(mg), vitamin K (μg), vitamin B1 (mg), vitamin B2 (mg), Niacin (mg), vitamin B6 (mg), vitamin B12 (μg), folic 
acid (μg), pantothenic acid (mg), vitamin C (mg), mineral (g), sodium (mg), salt (g), potassium (mg), calcium 
(mg), magnesium (mg), phosphorus (mg), iron (mg), zinc (mg), copper (mg), and manganese (mg). In addi-
tion, six ratios (animal oil ratio, vegetable oil ratio, fish oil ratio, saturated FA ratio, monounsaturated FA ratio, 
polyunsaturated FA ratio, and n-6/n-3 FA ratio) were calculated based on the Revised Standard Tables of Food 
Composition in  Japan76.

Eating behaviors. Eating behaviors or dietary habit was also recorded using the questionnaire, based on the 
guidelines for obesity issued by the Japan Society for the Study of  Obesity77. The questionnaire consisted of 55 
questions consisting of 7 major categories (i.e. recognition of weight and constitution, external eating behavior, 
emotional eating behavior, sense of hunger, eating style, food preference, regularity of eating habits). Questions 
are shown in Supplementary Table S5. All items were rated on a four-point scale ranging from 1 (i.e. “seldom”) 
to 4 (i.e. “very often”).

Physical body composition. Four body composition parameters (body weight, total skeletal muscle mass, 
total body fat mass, and BMI) were measured using a multifrequency bioelectrical impedance analysis device 
(InBody 720; Biospace, Inc., Tokyo, Japan)78. Further, body fat percentage (fat mass/weight), fat-free mass index 
(FFMI, fat-free mass/height2) and fat mass index (FMI; fat mass/height2)33 was determined from measured body 
compositions.



12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:18557  | https://doi.org/10.1038/s41598-022-21919-5

www.nature.com/scientificreports/

The samples’ mean weight and BMI were 50.97 ± 4.92 (range 37.64–63.38) kg and 20.29 ± 1.67 (range 
16.94–25.40) kg/m2, respectively. The reported average weight and BMI in Japanese women (18–29 years old) is 
50.0 kg and 20.0 lg/m2,  respectively76, indicating that the mean of the sampled populations was almost equal to 
the national values. Based on the BMI classification of ‘normal weight’ as 18.5–24.9 kg/m279, the proportions of 
participants categorized as underweight, normal weight, and pre-obesity were 15%, 86%, and 1%, respectively. 
These data indicate that the sample was slightly thinner but otherwise representative of young Japanese women.

Relationships between body compositions and nutritional intakes or eating behaviors were shown in Sup-
plementary Text S5.

Analyses. Data were analyzed via two methods: (1) direct comparisons between 3D facial shapes and eat-
ing behaviors and (2) indirect comparisons between these items. (1) was achieved by a multivariate analysis of 
covariance (MANCOVA) and canonical variate (CV) analysis, while (2) was conducted by clustering partici-
pants based on their eating behaviors and visualizing the averaged 3D faces of each cluster. All analyses were 
conducted using the statistical software program included with R (http:// www.r- proje ct. org/) and MATLAB 
(MathWorks, Ltd., Natick, MA, USA).

Direct comparisons between 3D facial shapes and the dietary condition. We directly compared the 3D facial 
shapes and dietary conditions (i.e. nutritional conditions and eating behavior) in three steps: a geometric mor-
phometrics analysis of 3D faces, a summary of the nutritional conditions, and an examination of the relation-
ships between facial shapes and eating behaviors. The details are described below.

Geometric morphometrics analyses of 3D faces. A 3D coordinate system identical to that employed 
in our previous study (Supplementary Fig. S1; Informed consent was obtained to publish this image in an online 
open-access publication.)34 was used in the current study. In short, the sagittal plane was defined by exocan-
thions and endocanthions, and the axial plane was defined by exocanthions, the porion, and the subnasale. The 
nasion was set as the origin.

For each facial surface, fitting of high-resolution template  meshes34,80 was performed using a commercial 
software program (HBM-Rugle; Medic Engineering Co., Kyoto, Japan) based on the landmarks assigned to each 
3D image (Supplementary Table S10). This method automatically generated a homogeneous model that consisted 
of 6017 Cartesian semi-landmarks on the wire mesh for each model. This technique permits the extraction 
of relevant surface anatomy from face data while removing non-relevant data, yielding 3D surface data that 
provide enough detail to facilitate a quantitative assessment while minimizing file sizes to still be sufficient to 
represent the facial shape (Supplementary Fig. S2; Informed consent was obtained to publish this image in an 
online open-access publication). The 6017 Cartesian semi-landmark coordinates were analyzed by geometric 
morphometrics. In brief, after separating the shape from the overall size, position, and orientation of the land-
mark configurations, the resulting Procrustes shape coordinates were used for subsequent statistical analyses, 
where the overall size was calculated as the centroid size (CS). To examine the variance in facial shapes of the 
subjects, we performed a principal component analysis (PCA) for the 6017 coordinates of the aforementioned 
surface model. The dimensionality of the shape principal components (sPCs) was determined to include sPCs 
with eigenvalues greater than 1, namely the Kaiser criterion. The facial morphospace (new dimensional space 
representing facial shape) consisted of these significant sPCs and used in the following process:

Summarization of the nutritional conditions. To examine the variance in nutritional conditions, the 
estimated nutrient items included in the daily food intake were dimensionally reduced using the PCA. The 
dimensionality of the nutritional principal components (nPCs) was also determined using the Kaiser criterion, 
as above. For both sPCs and nPCs, if the cumulative contribution rate based on the Kaiser criteria was greater 
than 90% variations our of all the variations, then we used the 90% cumulative contribution rate of total variance 
as the cutoff to determine the number of PCs.

Relationships between facial shapes and dietary conditions. To examine the direct relationship 
between facial shapes and dietary conditions, sPCs that corresponded to nPCs, eating behavior variables, and 
physical conditions (body weight, total skeletal muscle mass, total body fat mass, and BMI) were examined with 
a stepwise regression analysis, as follows:

where k indicates the number of the sPCs; w1,2,…k indicates the coefficient values of the regression analysis, and 
V is each nPC, eating behavior score, and physical condition (dependent variables). The inclusion criteria for 
the stepwise analysis were set as items with p-values of 0.05. To control multiple testing, significant dependent 
variables and selected sPCs were entered into the MANCOVA. The regression coefficient was represented using 
a heat map.

Further, a CV analysis was conducted to examine if correlation is significant between the facial characteristics 
(sPCs) and the dietary intake amount of nutritional contents when showing maximum correlation between them. 
Faces showing maximum correlations were visualized and corresponding nutrition contents were determined.

Indirect comparisons between 3D facial shapes and eating behaviors using clustering of the subject groups based 
on holistic eating behaviors. To visualize the 3D faces corresponding to the holistic nutritional patterns, we 
subcategorized the participant samples into k groups using the k-means clustering method, when the input was 

V = w1 × sPC1+ w2 × sPC2+ · · · + wk × sPCk

http://www.r-project.org/
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a combined vector of nPCs and the sum scores of the eating behavior. In this instance, k-means clustering is a 
method of dividing n observations (n = the number of the participants) into k groups, with each observation 
belonging to the cluster with the closest mean (cluster centroid) that serves as the cluster prototype. k-means 
clustering starts from randomized initial assignments of the observation and calculation of the cluster centroids. 
The method then continues iterations to reassign observations and calculate the centroids, so that movement 
minimizes the variance (squared Euclidean distance) within a cluster. Once no movement of the centroids is 
observed, the iterations are considered finished. The number of clusters was determined by the elbow method. 
Each cluster was represented by the cluster centroid of the categorized group (hereafter referred to as the “code”). 
To visualize the 3D facial shapes for each code, the 3D-averaged and accentuated faces (Supplementary Text S6) 
for each code were calculated using the aforementioned fitted meshes on the 3D face.

Calculation of SShD as an index for feminine or masculine facial shapes. The SShD of the indi-
vidual face was measured by projection of the individual facial configurations onto a male–female axis that were 
determined a previous  study30. In short, the male–female axis was calculated from 272 Turkish and Japanese 
men and women and defined the vector between the average facial configurations of males and females in the 
facial morphospace using the following  equation31,81

where −→Fi  is the vector in the facial morphospace corresponding to an individual face i, and −−−→F(m−f ) is the vec-
tor between male and female facial configurations (male minus female previously  determined30. If SShD < − 1, 
the face is hyperfeminine, and if SShD > 1, the face is hypermasculine. We used mixed samples of Japanese and 
Turkish individuals to calculate the SShD because we aimed to extract vectors to represent sexual dimorphism 
with population affinity.

Measures of SShD were mathematically decomposed to allometric and non-allometric components. That 
is, variations in SShD due to an individual’s size (allometric) and variations that were independent of size 
(non-allometric) were examined in the overall variation in SShD in each population group using a multivariate 
regression analysis. CS was used as a measure of an individual’s size.

Inter-code subject group comparisons. The analysis of variance (ANOVA) and the Tukey–Kramer 
post-hoc tests were conducted to examine whether or not any nutrient content variable was specific to each code 
(i.e. pattern) and whether or not any eating behavior major scales were specific to each code.

In addition, the faces were examined by using a total of 17 variables were extracted as inter-landmark dis-
tances of the face (|Ac-Ac|, |Zy-Zy|, |Ch-Ch|, |Go-Go|, |Go-Go|/|Zy-Zy|, |N-En|, |N-Sn|, |N-Zy|, |N-Prn|, |N-Ls|, 
|Sto-Gn|, |Ls-Li|, |Gla-Sn|/|Sn-Gn|, |N-Gn|/|Zy-Zy|, |Gla-ls|/|Zy-Zy|, |Gla-ls|/|Zy-Zy|, |Ps-Pi|; For definition, 
please see Supplementary Fig. S1 and Supplementary Table S7). Facial size differences between individuals were 
also standardized by normalizing the values of all linear variables to the distance between right and left exocan-
thions. ANOVA and the Tukey–Kramer post-hoc tests were conducted to these facial variables in addition to 
CS, SShD, allometric SShD, non-allometric SShD to examine if there were any differences between the codes.

Further, adjunctive data for health history, which were assumed as relevant to the dietary conditions (i.e. 
physical activity level, duration of physical exercises, birth weight, 2-year change in weight, sleep duration, 
and menarche age) were also collected from each participant for inter-code subject group comparisons. Physi-
cal body composition (e.g. weight, total fat mass) and adjunctive data for health history were also compared 
between codes.

p values were adjusted for multiple comparisons using the Benjamini–Hochberg method in order to control 
the false discovery  rate82. Adjusted values of p < 0.05 were significant for all statistical tests.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 25 November 2021; Accepted: 5 October 2022

References
 1. Richmond, S., Howe, L. J., Lewis, S., Stergiakouli, E. & Zhurov, A. Facial genetics: A brief overview. Front. Genet. https:// doi. org/ 

10. 3389/ fgene. 2018. 00462 (2018).
 2. Żelaźniewicz, A., Nowak, J., Łącka, P. & Pawłowski, B. Facial appearance and metabolic health biomarkers in women. Sci. Rep. 10, 

13067. https:// doi. org/ 10. 1038/ s41598- 020- 70119-6 (2020).
 3. Tsagkrasoulis, D., Hysi, P., Spector, T. & Montana, G. Heritability maps of human face morphology through large-scale automated 

three-dimensional phenotyping. Sci. Rep. 7, 45885. https:// doi. org/ 10. 1038/ srep4 5885 (2017).
 4. Crouch, D. J. M. et al. Genetics of the human face: Identification of large-effect single gene variants. Proc. Natl. Acad. Sci. USA 115, 

E676-e685. https:// doi. org/ 10. 1073/ pnas. 17082 07114 (2018).
 5. Naqvi, S. et al. Shared heritability of human face and brain shape. Nat. Genet. 53, 830–839. https:// doi. org/ 10. 1038/ s41588- 021- 

00827-w (2021).
 6. White, J. D. et al. Insights into the genetic architecture of the human face. Nat. Genet. 53, 45–53. https:// doi. org/ 10. 1038/ s41588- 

020- 00741-7 (2021).

SShD

(

−→
Fi

)

=
(
−→
Fi ·

−−−→
F(m−f ))

|
−−−→
F(m−f )|

2

https://doi.org/10.3389/fgene.2018.00462
https://doi.org/10.3389/fgene.2018.00462
https://doi.org/10.1038/s41598-020-70119-6
https://doi.org/10.1038/srep45885
https://doi.org/10.1073/pnas.1708207114
https://doi.org/10.1038/s41588-021-00827-w
https://doi.org/10.1038/s41588-021-00827-w
https://doi.org/10.1038/s41588-020-00741-7
https://doi.org/10.1038/s41588-020-00741-7


14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:18557  | https://doi.org/10.1038/s41598-022-21919-5

www.nature.com/scientificreports/

 7. Djordjevic, J., Zhurov, A. I., Richmond, S. & Visigen, C. Genetic and environmental contributions to facial morphological varia-
tion: A 3D population-based twin study. PLoS ONE 11, e0162250. https:// doi. org/ 10. 1371/ journ al. pone. 01622 50 (2016).

 8. Proffit, W. R. & Fields, H. W. Contemporary Orthodontics 3rd edn. (Mosby, 2000).
 9. Bozzoli, C., Deaton, A. & Quintana-Domeque, C. Adult height and childhood disease. Demography 46, 647–669. https:// doi. org/ 

10. 1353/ dem.0. 0079 (2009).
 10. Windhager, S., Patocka, K. & Schaefer, K. Body fat and facial shape are correlated in female adolescents. Am. J. Hum. Biol. 25, 

847–850. https:// doi. org/ 10. 1002/ ajhb. 22444 (2013).
 11. Mayer, C., Windhager, S., Schaefer, K. & Mitteroecker, P. BMI and WHR are reflected in female facial shape and texture: A geometric 

morphometric image analysis. PLoS ONE 12, e0169336. https:// doi. org/ 10. 1371/ journ al. pone. 01693 36 (2017).
 12. Chanda, A. & Chatterjee, S. Predicting obesity using facial pictures during COVID-19 pandemic. Biomed. Res. Int. 2021, 6696357. 

https:// doi. org/ 10. 1155/ 2021/ 66963 57 (2021).
 13. Levine, J. A., Ray, A. & Jensen, M. D. Relation between chubby cheeks and visceral fat. N. Engl. J. Med. 339, 1946–1947. https:// 

doi. org/ 10. 1056/ nejm1 99812 24339 2619 (1998).
 14. Lee, B. J., Do, J. H. & Kim, J. Y. A classification method of normal and overweight females based on facial features for automated 

medical applications. J. Biomed. Biotechnol. 2012, 834578. https:// doi. org/ 10. 1155/ 2012/ 834578 (2012).
 15. Wolffhechel, K. et al. Testing the utility of a data-driven approach for assessing BMI from face images. PLoS ONE 10, e0140347. 

https:// doi. org/ 10. 1371/ journ al. pone. 01403 47 (2015).
 16. Stephen, I. D., Hiew, V., Coetzee, V., Tiddeman, B. P. & Perrett, D. I. Facial shape analysis identifies valid cues to aspects of physi-

ological health in Caucasian, Asian, and African Populations. Front. Psychol. 8, 1883. https:// doi. org/ 10. 3389/ fpsyg. 2017. 01883 
(2017).

 17. Danze, A. et al. Influence of BMI percentile on craniofacial morphology and development in children and adolescents. Eur. J. 
Orthod. 43, 184–192. https:// doi. org/ 10. 1093/ ejo/ cjaa0 56 (2021).

 18. Lefevre, C. E., Lewis, G. J., Perrett, D. I. & Penke, L. Telling facial metrics: Facial width is associated with testosterone levels in 
men. Evol. Hum. Behav. 34, 273–279. https:// doi. org/ 10. 1016/j. evolh umbeh av. 2013. 03. 005 (2013).

 19. Marečková, K. et al. Identifying craniofacial features associated with prenatal exposure to androgens and testing their relationship 
with brain development. Brain Struct. Funct. 220, 3233–3244. https:// doi. org/ 10. 1007/ s00429- 014- 0852-3 (2015).

 20. Nagata, C. et al. Relations of insulin resistance and serum concentrations of estradiol and sex hormone-binding globulin to potential 
breast cancer risk factors. Jpn. J. Cancer Res. 91, 948–953. https:// doi. org/ 10. 1111/j. 1349- 7006. 2000. tb010 39.x (2000).

 21. Tsuji, M. et al. Associations of intakes of fat, dietary fiber, soy isoflavones, and alcohol with levels of sex hormones and prolactin 
in premenopausal Japanese women. Cancer Causes Control 23, 683–689. https:// doi. org/ 10. 1007/ s10552- 012- 9935-8 (2012).

 22. Cui, X., Rosner, B., Willett, W. C. & Hankinson, S. E. Dietary fat, fiber, and carbohydrate intake and endogenous hormone levels 
in premenopausal women. Horm. Cancer 1, 265–276. https:// doi. org/ 10. 1007/ s12672- 010- 0050-6 (2010).

 23. Chen, C. et al. Association between dietary patterns and precocious puberty in children: A population-based study. Int. J. Endo‑
crinol. 2018, 4528704. https:// doi. org/ 10. 1155/ 2018/ 45287 04 (2018).

 24. Pezdirc, K. et al. Can dietary intake influence perception of and measured appearance? A systematic review. Nutr. Res. 35, 175–197. 
https:// doi. org/ 10. 1016/j. nutres. 2014. 12. 002 (2015).

 25. Chen, C. et al. Investigating the relationship between precocious puberty and obesity: A cross-sectional study in Shanghai, China. 
BMJ Open 7, e014004. https:// doi. org/ 10. 1136/ bmjop en- 2016- 014004 (2017).

 26. Mitteroecker, P., Windhager, S., Müller, G. B. & Schaefer, K. The morphometrics of “Masculinity” in human faces. PLoS ONE 10, 
e0118374. https:// doi. org/ 10. 1371/ journ al. pone. 01183 74 (2015).

 27. Tanikawa, C. & Yamashiro, T. Development of novel artificial intelligence systems to predict facial morphology after orthognathic 
surgery and orthodontic treatment in Japanese patients. Sci. Rep. 11, 15853. https:// doi. org/ 10. 1038/ s41598- 021- 95002-w (2021).

 28. Lee, D., Tanikawa, C. & Yamashiro, T. Impairment in facial expression generation in patients with repaired unilateral cleft lip: Effects 
of the physical properties of facial soft tissues. PLoS ONE 16, e0249961. https:// doi. org/ 10. 1371/ journ al. pone. 02499 61 (2021).

 29. Chen, W. Y. et al. Three-dimensional human facial morphologies as robust aging markers. Cell Res. 25, 574–587. https:// doi. org/ 
10. 1038/ cr. 2015. 36 (2015).

 30. Tanikawa, C., Akcam, M. O., Gokalp, H., Zere, E. & Takada, K. Population affinity and variation of sexual dimorphism in three-
dimensional facial forms: comparisons between Turkish and Japanese populations. Sci. Rep. 11, 16634. https:// doi. org/ 10. 1038/ 
s41598- 021- 96029-9 (2021).

 31. Kleisner, K. et al. How and why patterns of sexual dimorphism in human faces vary across the world. Sci. Rep. 11, 5978. https:// 
doi. org/ 10. 1038/ s41598- 021- 85402-3 (2021).

 32. Watanabe, F., Yabuta, Y., Bito, T. & Teng, F. Vitamin  B12-containing plant food sources for vegetarians. Nutrients 6, 1861–1873. 
https:// doi. org/ 10. 3390/ nu605 1861 (2014).

 33. Hattori, K., Tatsumi, N. & Tanaka, S. Assessment of body composition by using a new chart method. Am. J. Hum. Biol. 9, 573–578. 
https:// doi. org/ 10. 1002/ (sici) 1520- 6300(1997)9: 5% 3c573:: Aid- ajhb5% 3e3.0. Co;2-v (1997).

 34. Tanikawa, C., Zere, E. & Takada, K. Sexual dimorphism in the facial morphology of adult humans: A three-dimensional analysis. 
Homo 67, 23–49. https:// doi. org/ 10. 1016/j. jchb. 2015. 10. 001 (2016).

 35. Hennekam, R. C. et al. Elements of morphology: Standard terminology for the nose and philtrum. Am. J. Med. Genet. A 149a, 
61–76. https:// doi. org/ 10. 1002/ ajmg.a. 32600 (2009).

 36. Chao, J. W., Lee, J. C., Chang, M. M. & Kwan, E. Alloplastic augmentation of the Asian Face: A review of 215 patients. Aesthetic 
Surg. J. 36, 861–868. https:// doi. org/ 10. 1093/ asj/ sjw013 (2016).

 37. Lebovitz, H. E. Insulin resistance: Definition and consequences. Exp. Clin. Endocrinol. Diabetes 109(Suppl 2), S135-148. https:// 
doi. org/ 10. 1055/s- 2001- 18576 (2001).

 38. Esmaillzadeh, A. et al. Dietary patterns, insulin resistance, and prevalence of the metabolic syndrome in women. Am. J. Clin. Nutr. 
85, 910–918. https:// doi. org/ 10. 1093/ ajcn/ 85.3. 910 (2007).

 39. Sánchez-Zamorano, L. M. et al. The Western dietary pattern is associated with increased serum concentrations of free estradiol in 
postmenopausal women: implications for breast cancer prevention. Nutr. Res. 36, 845–854. https:// doi. org/ 10. 1016/j. nutres. 2016. 
04. 008 (2016).

 40. Coetzee, V., Chen, J., Perrett, D. I. & Stephen, I. D. Deciphering faces: Quantifiable visual cues to weight. Perception 39, 51–61. 
https:// doi. org/ 10. 1068/ p6560 (2010).

 41. Sadeghianrizi, A., Forsberg, C.-M., Marcus, C. & Dahllöf, G. Craniofacial development in obese adolescents. Eur. J. Orthodont. 
27, 550–555. https:// doi. org/ 10. 1093/ ejo/ cji048 (2005).

 42. Hirko, K. A. et al. Dietary patterns and plasma sex hormones, prolactin, and sex hormone-binding globulin in premenopausal 
women. Cancer Epidemiol. Biomark. Prev. 25, 791–798. https:// doi. org/ 10. 1158/ 1055- 9965. Epi- 15- 1019 (2016).

 43. Hetemäki, N. et al. Adipose tissue estrogen production and metabolism in premenopausal women. J. Steroid Biochem. Mol. Biol. 
209, 105849. https:// doi. org/ 10. 1016/j. jsbmb. 2021. 105849 (2021).

 44. Dorgan, J. F. et al. Relation of energy, fat, and fiber intakes to plasma concentrations of estrogens and androgens in premenopausal 
women. Am. J. Clin. Nutr. 64, 25–31. https:// doi. org/ 10. 1093/ ajcn/ 64.1. 25 (1996).

 45. Smith, M. J. L. et al. Facial appearance is a cue to oestrogen levels in women. Proc. Biol. Sci. 273, 135–140. https:// doi. org/ 10. 1098/ 
rspb. 2005. 3296 (2006).

https://doi.org/10.1371/journal.pone.0162250
https://doi.org/10.1353/dem.0.0079
https://doi.org/10.1353/dem.0.0079
https://doi.org/10.1002/ajhb.22444
https://doi.org/10.1371/journal.pone.0169336
https://doi.org/10.1155/2021/6696357
https://doi.org/10.1056/nejm199812243392619
https://doi.org/10.1056/nejm199812243392619
https://doi.org/10.1155/2012/834578
https://doi.org/10.1371/journal.pone.0140347
https://doi.org/10.3389/fpsyg.2017.01883
https://doi.org/10.1093/ejo/cjaa056
https://doi.org/10.1016/j.evolhumbehav.2013.03.005
https://doi.org/10.1007/s00429-014-0852-3
https://doi.org/10.1111/j.1349-7006.2000.tb01039.x
https://doi.org/10.1007/s10552-012-9935-8
https://doi.org/10.1007/s12672-010-0050-6
https://doi.org/10.1155/2018/4528704
https://doi.org/10.1016/j.nutres.2014.12.002
https://doi.org/10.1136/bmjopen-2016-014004
https://doi.org/10.1371/journal.pone.0118374
https://doi.org/10.1038/s41598-021-95002-w
https://doi.org/10.1371/journal.pone.0249961
https://doi.org/10.1038/cr.2015.36
https://doi.org/10.1038/cr.2015.36
https://doi.org/10.1038/s41598-021-96029-9
https://doi.org/10.1038/s41598-021-96029-9
https://doi.org/10.1038/s41598-021-85402-3
https://doi.org/10.1038/s41598-021-85402-3
https://doi.org/10.3390/nu6051861
https://doi.org/10.1002/(sici)1520-6300(1997)9:5%3c573::Aid-ajhb5%3e3.0.Co;2-v
https://doi.org/10.1016/j.jchb.2015.10.001
https://doi.org/10.1002/ajmg.a.32600
https://doi.org/10.1093/asj/sjw013
https://doi.org/10.1055/s-2001-18576
https://doi.org/10.1055/s-2001-18576
https://doi.org/10.1093/ajcn/85.3.910
https://doi.org/10.1016/j.nutres.2016.04.008
https://doi.org/10.1016/j.nutres.2016.04.008
https://doi.org/10.1068/p6560
https://doi.org/10.1093/ejo/cji048
https://doi.org/10.1158/1055-9965.Epi-15-1019
https://doi.org/10.1016/j.jsbmb.2021.105849
https://doi.org/10.1093/ajcn/64.1.25
https://doi.org/10.1098/rspb.2005.3296
https://doi.org/10.1098/rspb.2005.3296


15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:18557  | https://doi.org/10.1038/s41598-022-21919-5

www.nature.com/scientificreports/

 46. Marečková, K. et al. Testosterone-mediated sex differences in the face shape during adolescence: Subjective impressions and 
objective features. Horm. Behav. 60, 681–690. https:// doi. org/ 10. 1016/j. yhbeh. 2011. 09. 004 (2011).

 47. Cho, Y. J., Lim, Y.-H., Yun, J. M., Yoon, H.-J. & Park, M. Sex- and age-specific effects of energy intake and physical activity on 
sarcopenia. Sci. Rep. 10, 9822. https:// doi. org/ 10. 1038/ s41598- 020- 66249-6 (2020).

 48. Hwang, Y. C., Cho, I. J., Jeong, I. K., Ahn, K. J. & Chung, H. Y. Differential association between sarcopenia and metabolic phenotype 
in Korean young and older adults with and without obesity. Obesity (Silver Spring) 25, 244–251. https:// doi. org/ 10. 1002/ oby. 21694 
(2017).

 49. Yasuda, T. Anthropometric, body composition, and somatotype characteristics of Japanese young women: Implications for normal-
weight obesity syndrome and sarcopenia diagnosis criteria. Interv. Med. Appl. Sci. 11, 117–121. https:// doi. org/ 10. 1556/ 1646. 11. 
2019. 14 (2019).

 50. McBreairty, L. E., Chilibeck, P. D., Gordon, J. J., Chizen, D. R. & Zello, G. A. Polycystic ovary syndrome is a risk factor for sarcopenic 
obesity: A case control study. BMC Endocr. Disord. 19, 70–70. https:// doi. org/ 10. 1186/ s12902- 019- 0381-4 (2019).

 51. Liepa, G. U., Sengupta, A. & Karsies, D. Polycystic ovary syndrome (PCOS) and other androgen excess-related conditions: Can 
changes in dietary intake make a difference?. Nutr. Clin. Pract. 23, 63–71. https:// doi. org/ 10. 1177/ 01154 26508 02300 163 (2008).

 52. Wang, L. et al. Vitamin D deficiency is associated with metabolic risk factors in women with polycystic ovary syndrome: A cross-
sectional study in Shaanxi China. Front. Endocrinol. (Lausanne) 11, 171. https:// doi. org/ 10. 3389/ fendo. 2020. 00171 (2020).

 53. Peter, A. et al. Relationships of circulating sex hormone-binding globulin with metabolic traits in humans. Diabetes 59, 3167–3173. 
https:// doi. org/ 10. 2337/ db10- 0179 (2010).

 54. Lim, S. S., Norman, R. J., Davies, M. J. & Moran, L. J. The effect of obesity on polycystic ovary syndrome: A systematic review and 
meta-analysis. Obes. Rev. 14, 95–109. https:// doi. org/ 10. 1111/j. 1467- 789X. 2012. 01053.x (2013).

 55. Merli, M., Lattanzi, B. & Aprile, F. Sarcopenic obesity in fatty liver. Curr. Opin. Clin. Nutr. Metab. Care 22, 185–190. https:// doi. 
org/ 10. 1097/ mco. 00000 00000 000558 (2019).

 56. Simó, R., Sáez-López, C., Barbosa-Desongles, A., Hernández, C. & Selva, D. M. Novel insights in SHBG regulation and clinical 
implications. Trends Endocrinol. Metab. 26, 376–383. https:// doi. org/ 10. 1016/j. tem. 2015. 05. 001 (2015).

 57. Qu, X. & Donnelly, R. Sex hormone-binding globulin (SHBG) as an early biomarker and therapeutic target in polycystic ovary 
syndrome. Int. J. Mol. Sci. https:// doi. org/ 10. 3390/ ijms2 12181 91 (2020).

 58. Chung, G. E., Kim, M. J., Yim, J. Y., Kim, J. S. & Yoon, J. W. Sarcopenia is significantly associated with presence and severity of 
nonalcoholic fatty liver disease. JOMES 28, 129–138. https:// doi. org/ 10. 7570/ jomes. 2019. 28.2. 129 (2019).

 59. Omasu, F. & Hayashi, M. The effect of perceived body shapes on the desire to be thin in fifth and sixth graders in elementary school. 
Asian Pacific J. Disease Manag. 7, 25–33. https:// doi. org/ 10. 7223/ apjdm.7. 25 (2013).

 60. Binkoski, A. E., Kris-Etherton, P. M., Wilson, T. A., Mountain, M. L. & Nicolosi, R. J. Balance of unsaturated fatty acids is important 
to a cholesterol-lowering diet: comparison of mid-oleic sunflower oil and olive oil on cardiovascular disease risk factors. J. Am. 
Diet Assoc. 105, 1080–1086. https:// doi. org/ 10. 1016/j. jada. 2005. 04. 009 (2005).

 61. Bhattacharya, A., Rahman, M., Sun, D. & Fernandes, G. Effect of fish oil on bone mineral density in aging C57BL/6 female mice. 
J. Nutr. Biochem. 18, 372–379. https:// doi. org/ 10. 1016/j. jnutb io. 2006. 07. 002 (2007).

 62. Watkins, B. A., Li, Y. & Seifert, M. F. Dietary ratio of n-6/n-3 PUFAs and docosahexaenoic acid: Actions on bone mineral and 
serum biomarkers in ovariectomized rats. J. Nutr. Biochem. 17, 282–289. https:// doi. org/ 10. 1016/j. jnutb io. 2005. 05. 012 (2006).

 63. Rahman, M. M., Bhattacharya, A., Banu, J., Kang, J. X. & Fernandes, G. Endogenous n-3 fatty acids protect ovariectomy induced 
bone loss by attenuating osteoclastogenesis. J. Cell Mol. Med. 13, 1833–1844. https:// doi. org/ 10. 1111/j. 1582- 4934. 2009. 00649.x 
(2009).

 64. Calder, P. C. n-3 polyunsaturated fatty acids, inflammation, and inflammatory diseases. Am. J. Clin. Nutr. 83, 1505s–1519s. https:// 
doi. org/ 10. 1093/ ajcn/ 83.6. 1505S (2006).

 65. Tessier, A.-J. & Chevalier, S. An update on protein, leucine, omega-3 fatty acids, and vitamin D in the prevention and treatment 
of sarcopenia and functional decline. Nutrients 10, 1099 (2018).

 66. Cornish, S. M. & Chilibeck, P. D. Alpha-linolenic acid supplementation and resistance training in older adults. Appl. Physiol. Nutr. 
Metab. 34, 49–59. https:// doi. org/ 10. 1139/ h08- 136 (2009).

 67. Lopez, D. S. et al. Environment-wide association study to comprehensively test and validate associations between nutrition and 
lifestyle factors and testosterone deficiency: NHANES 1988–1994 and 1999–2004. Hormones (Athens) 19, 205–214. https:// doi. 
org/ 10. 1007/ s42000- 020- 00179-w (2020).

 68. Zhuang, X. et al. Environment-wide association study to identify novel factors associated with peripheral arterial disease: Evidence 
from the National Health and Nutrition Examination Survey (1999–2004). Atherosclerosis 269, 172–177. https:// doi. org/ 10. 1016/j. 
ather oscle rosis. 2018. 01. 006 (2018).

 69. Carrol, S. & Goodstein, D. Defining the scientific method. Nat. Methods. 6, 237–237. https:// doi. org/ 10. 1038/ nmeth 0409- 237 
(2009).

 70. Whitehead, R. D., Re, D., Xiao, D. K., Ozakinci, G. & Perrett, D. I. You are what you eat: Within-subject increases in fruit and 
vegetable consumption confer beneficial skin-color changes. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 00329 88 (2012).

 71. Cosgrove, M. C., Franco, O. H., Granger, S. P., Murray, P. G. & Mayes, A. E. Dietary nutrient intakes and skin-aging appearance 
among middle-aged American women. Am. J. Clin. Nutr. 86, 1225–1231 (2007).

 72. Nakahashi, T. Temporal craniometric changes from the Jomon to the Modern period in western Japan. Am. J. Phys. Anthropol. 90, 
409–425. https:// doi. org/ 10. 1002/ ajpa. 13309 00403 (1993).

 73. Watanabe, Y., Isshiki, M. & Ohashi, J. Prefecture-level population structure of the Japanese based on SNP genotypes of 11,069 
individuals. J. Hum. Genet. 66, 431–437. https:// doi. org/ 10. 1038/ s10038- 020- 00847-0 (2021).

 74. Jinam, T. et al. Genome-wide SNP data of Izumo and Makurazaki populations support inner-dual structure model for origin of 
Yamato people. J. Hum. Genet. 66, 681–687. https:// doi. org/ 10. 1038/ s10038- 020- 00898-3 (2021).

 75. Takahashi, K. et al. Validation of a food frequency questionnaire based on food groups for estimating individual nutrient intake. 
Japan. J. Nutr. Dietetics. 59, 221–232. https:// doi. org/ 10. 5264/ eiyog akuza shi. 59. 221 (2001).

 76. Ministry of Health, Labour and Welfare. Japanese Female Nutrient Data (18–29 y). http:// www. mhlw. go. jp/ file/ 04- Houdo uhapp 
you- 10904 750- Kenko ukyoku- Ganta isaku kenko uzous hinka/ 00000 41955. pdf. Accessed 10 Nov 2022 (2015).

 77. Obesity Guideline Japan. Japan Society for the Study of Obesity (Life Science Publishing Co. Ltd., 2016).
 78. Malavolti, M. et al. Cross-calibration of eight-polar bioelectrical impedance analysis versus dual-energy X-ray absorptiometry for 

the assessment of total and appendicular body composition in healthy subjects aged 21–82 years. Ann. Hum. Biol. 30, 380–391. 
https:// doi. org/ 10. 1080/ 03014 46031 00009 5211 (2003).

 79. Organization, W. H. Body mass index—BMI. https:// www. euro. who. int/ en/ health- topics/ disea se- preve ntion/ nutri tion/a- healt 
hy- lifes tyle/ body- mass- index- bmi Accessed 10 Nov 2022 (2021).

 80. Tanikawa, C., Akcam, M. O. & Takada, K. Quantifying faces three-dimensionally in orthodontic practice. J. Cranio Maxill. Surg. 
47, 867–875. https:// doi. org/ 10. 1016/j. jcms. 2019. 02. 012 (2019).

 81. Valenzano, D. R., Mennucci, A., Tartarelli, G. & Cellerino, A. Shape analysis of female facial attractiveness. Vision Res. 46, 1282–
1291. https:// doi. org/ 10. 1016/j. visres. 2005. 10. 024 (2006).

 82. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. 
Soc. Series B Stat. Methodol. 57, 289–300. https:// doi. org/ 10. 1111/j. 2517- 6161. 1995. tb020 31.x (1995).

https://doi.org/10.1016/j.yhbeh.2011.09.004
https://doi.org/10.1038/s41598-020-66249-6
https://doi.org/10.1002/oby.21694
https://doi.org/10.1556/1646.11.2019.14
https://doi.org/10.1556/1646.11.2019.14
https://doi.org/10.1186/s12902-019-0381-4
https://doi.org/10.1177/011542650802300163
https://doi.org/10.3389/fendo.2020.00171
https://doi.org/10.2337/db10-0179
https://doi.org/10.1111/j.1467-789X.2012.01053.x
https://doi.org/10.1097/mco.0000000000000558
https://doi.org/10.1097/mco.0000000000000558
https://doi.org/10.1016/j.tem.2015.05.001
https://doi.org/10.3390/ijms21218191
https://doi.org/10.7570/jomes.2019.28.2.129
https://doi.org/10.7223/apjdm.7.25
https://doi.org/10.1016/j.jada.2005.04.009
https://doi.org/10.1016/j.jnutbio.2006.07.002
https://doi.org/10.1016/j.jnutbio.2005.05.012
https://doi.org/10.1111/j.1582-4934.2009.00649.x
https://doi.org/10.1093/ajcn/83.6.1505S
https://doi.org/10.1093/ajcn/83.6.1505S
https://doi.org/10.1139/h08-136
https://doi.org/10.1007/s42000-020-00179-w
https://doi.org/10.1007/s42000-020-00179-w
https://doi.org/10.1016/j.atherosclerosis.2018.01.006
https://doi.org/10.1016/j.atherosclerosis.2018.01.006
https://doi.org/10.1038/nmeth0409-237
https://doi.org/10.1371/journal.pone.0032988
https://doi.org/10.1002/ajpa.1330900403
https://doi.org/10.1038/s10038-020-00847-0
https://doi.org/10.1038/s10038-020-00898-3
https://doi.org/10.5264/eiyogakuzashi.59.221
http://www.mhlw.go.jp/file/04-Houdouhappyou-10904750-Kenkoukyoku-Gantaisakukenkouzoushinka/0000041955.pdf
http://www.mhlw.go.jp/file/04-Houdouhappyou-10904750-Kenkoukyoku-Gantaisakukenkouzoushinka/0000041955.pdf
https://doi.org/10.1080/0301446031000095211
https://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi
https://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi
https://doi.org/10.1016/j.jcms.2019.02.012
https://doi.org/10.1016/j.visres.2005.10.024
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x


16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:18557  | https://doi.org/10.1038/s41598-022-21919-5

www.nature.com/scientificreports/

Acknowledgements
This work was partially supported by JSPS KAKENHI Grant number 25862008 and JST COI (Grant no. 
R1WD07).

Author contributions
C.T. and K.T. wrote the main manuscript text. C.T., M.K., and M.T. were responsible for data curation and inves-
tigation. C.T., K.F. and K.T. were responsible for the conceptualization. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 21919-5.

Correspondence and requests for materials should be addressed to C.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-21919-5
https://doi.org/10.1038/s41598-022-21919-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Influence of the nutritional status on facial morphology in young Japanese women
	Results
	Direct comparisons between nutritional status and 3D facial shapes. 
	Pre-process of dietary intakes. 
	Pre-process of facial shapes. 
	Results of a regression analysis to estimate the nutritional status (dependent variables) based on the facial shape (independent variables) with a multivariate analysis of covariance (MANCOVA). 
	Canonical correlations between the nutritional status and facial shape variables. 

	Indirect comparisons between nutritional status and 3D facial shapes. 
	Clustering of the subject groups based on holistic dietary conditions. 
	3D soft-tissue facial forms specific to each pattern. 


	Discussion
	Methods
	Subjects. 
	Data recording. 
	3D facial shapes. 
	Holistic dietary conditions. 
	Nutrition contents in daily food intake. 
	Eating behaviors. 

	Physical body composition. 
	Analyses. 
	Direct comparisons between 3D facial shapes and the dietary condition. 

	Geometric morphometrics analyses of 3D faces. 
	Summarization of the nutritional conditions. 
	Relationships between facial shapes and dietary conditions. 
	Indirect comparisons between 3D facial shapes and eating behaviors using clustering of the subject groups based on holistic eating behaviors. 

	Calculation of SShD as an index for feminine or masculine facial shapes. 
	Inter-code subject group comparisons. 

	References
	Acknowledgements


