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Classification of early age facial
growth pattern and identification
of the genetic basis in two Korean
populations

Mi-Yeon Cha?, Yu-Jin Hong?, Ja-Eun Choi', Tae-Song Kwon?, Ig-Jae Kim? &
Kyung-Won Hong'**

Childhood to adolescence is an accelerated growth period, and genetic features can influence
differences of individual growth patterns. In this study, we examined the genetic basis of early age
facial growth (EAFG) patterns. Facial shape phenotypes were defined using facial landmark distances,
identifying five growth patterns: continued-decrease, decrease-to-increase, constant, increase-to-
decrease, and continued-increase. We conducted genome-wide association studies (GWAS) for 10
horizontal and 11 vertical phenotypes. The most significant association for horizontal phenotypes
was rs610831 (TRIM29; B=0.92, p-value =1.9 x10-°) and for vertical phenotypes was rs6898746
(ZSWIM6; B=0.1103, p-value =2.5x1078). It is highly correlated with genes already reported for facial
growth. This study is the first to classify and characterize facial growth patterns and related genetic
polymorphisms.

Differences in the relative size, shape, and spatial arrangement (vertical, horizontal, and depth)' of various
facial features (e.g., eyes, nose, and lips) make each individual human face unique?. Therefore, skull growth and
facial morphology are of interest® to many scientific disciplines, especially anthropology, genetics, and forensic
science*. Our face shapes change continuously from infanthood to adulthood. During the early ages, from 1
to 20 years, our face shapes grow rapidly, and genetic features may be responsible for individual differences in
facial phenotypes. The period from childhood to adolescence is characterized by accelerated growth, and devel-
opmental modeling of facial morphology is useful for forensic and biomedical practices. Because the number of
missing persons is increasing every year and technology is required to estimate the present face from the past.
To understand early age facial growth, an important point is considering of the growth direction®”.

The past 10 years of facial morphology research has benefited from the development of image recognition
technology, which can quickly and accurately capture the details of the face®. Similarly, the development of
genotyping technology facilitates the exploration of genetic impacts on human facial morphology phenotypes®*.
Although various studies have been conducted to examine facial growth, most studies have focused on identify-
ing the causes of craniofacial abnormalities’. In the study of the healthy individuals of Europeans ancestry, some
genes such as MAFB, PAX9 associated with craniofacial development or syndromes®. The genetic loci associated
with facial phenotypes were reported genes such as PRDM16, PAX3*!°, and TP63°. Research to investigate the
biological basis underlying the normal range of facial variability has only recently been conducted. Over the past
few years, as facial recognition technology has improved, substantial progress has been made in the identification
of loci related to facial traits in published genome-wide association studies (GWAS)"". The starting point of GWAS
analyses for facial morphology begins with craniofacial development or the identification of genetic loci associ-
ated with genetic facial deformities and syndromes. According to recently reported GWAS results?, studies on
human phenotypes have identified and reported multiple loci associated with normal facial surface morphology.

While facial variation is influenced such as age and nutritional status, striking facial similarities within
families reveal a strong genetic component'*~!*. However, genetic and GWAS studies are mainly studies of
facial morphology in adults. The association between facial phenotype and SNP has been reported in European
adolescents'>!%, and facial changes (face height, eye width, and nose width) in 15-year-old British children have
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Facial Phenotype Disla.nce between two Description
Area facial land marker

H1 1-2 Intercanthal width

H2 3-4 Outercanthal width

H3 5-6 Interpalpebral superius length
£ H4 7-8 Interpalpebral inferius length
g H5 1-3 Left palpebral fissure length
'E H6 2-4 Right palpebral fissure length
= H7 18-19 Mouth width

H8 13-14 Nasal width

H9 12-13 Subnasale to left alare

H10 12-14 Subnasale to right alare

Vi 5-7 Left palpebrale fissure height

V2 6-8 Right palpebrale fissure height

V3 12-15 Philtrum height

V4 16-17 Labiale inferius to pogonion
E \'Al 10-15 Midendocanthion to labiale superius
:‘; V6 10-12 Midendocanthion to subnasale
> V7 9-11 Nasal bridge height

V8 9-12 Nasal height

A% 10-17 Midendocanthion to pogonion

V10 9-17 Nasion to pogonion

Vil 12-17 Subnasale to pogonion

Figure 1. Measuring 19 facial landmarks using 21 facial measurements between facial landmark pairs.

been studied', but mostly adults. Therefore, understanding the relationship between facial shape and genetic
loci during rapid facial changes period helps innate understanding of the face. It is expected to affect the overall
industry necessary for children’s awareness. This study was conducted on Korean subjects, the purpose is to
increase the probability of identity inference by predicting the faces of long-term missing children. Therefore, it
is important to understand the research in the period when the face shape changes rapidly.

A reported study of facial morphology in Koreans identified five GWAS loci associated with facial trats'® not
for facial growth. In this study, we aimed to analyze early age facial growth (EAFG) patterns using facial landmark
distances measured from normal facial surface phenotypes to examine the possible genetic basis of individual
differences among two Korean populations.

Results

The overall population characteristics and measurements. We collected current and past photos
from participants. For each participant, one current photo was obtained through studio photography, and 5 to 7
past frontal photos were collected. For the age of the past photos, 1 to 2 photos were collected and used for the
study, each of which was less than 5 years old, 5 to 10 years old, 10 to 15 years old, and 15 to 20 years old. Sup-
plementary Table S1 lists the number of photos collected by each participant and their age at the time of taking
the photos in detail. The measurement data and characteristics information of each participant according to the
facial area are shown in Fig. 1. Supplementary Table S2 shown the characteristics of the participant.

We quantified the facial features of two independent populations who were recruited during separate periods:
172 individuals in Population 1 (POP1) were recruited from January 2019 to July 2020, and 100 individuals in
Population 2 (POP2) were recruited from July 2020 to September 2020. We collected a total of 172 current photos
and 884 past photos for POP1 and 100 current photos and 600 past photos for POP2. The 21 facial phenotypes
of each current and past profile photograph were determined by measuring the distances between 19 facial
landmarks. Facial landmarks and measurement areas are depicted in Fig. 1, and the measurement results for
each area are summarized in Table 1. All direct measurements were normalized against the distance between
the center of left and right irises. The facial phenotypes were categorized into two facial groups: Category 1 was
described as the horizontal index (H1-H10), and Category 2 was described as the vertical index (V1-V11).

The measurements from each past photograph were compared against those of the current photograph using
non-linear regression methods to determine the facial changes over time. The regression patterns determined by
the visual inspection of individual’s changes were used for the genetic association study (Supplementary Fig. S1).

Defining each measurement and analyzing the time series of facial measurements according
to age. The measurements from each past photograph were compared against those of the current photo-
graph using non-linear regression methods to determine the facial changes over time. The facial growth patterns
of each individual are determined by the visual inspection of individual’s changes were used for the genetic
association study.

To understand the changes in facial measurements with age, a graph of the time series for each individual
facial measurement was plotted for 21 phenotypes according to the age relative to the current age using a non-
linear model. Supplementary Fig. SIA-C graphically represent individual growth patterns for each representa-
tive eye, nose, and mouth phenotype. Table 1 summarizes the distribution of facial growth patterns by face
region in Pop1 and Pop2. We identified five EAFG patterns: Pattern 1 (DD), continued decrease; Pattern 2 (DI),
decrease to increase; Pattern 3 (CC), constant; Pattern 4 (ID), increase to decrease; and Pattern 5 (II), continued
increase (Fig. 2). The X-axis represents age, and the Y-axis represents facial distances between two selected points
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(a) Pattern 1 (DD) - continue decrease

Phenotype

(b) Pattern 2 (DI) — decrease to increase

(c) Pattern 3 (CC) - constant

(d) Pattern 4 (ID) — increase to decrease

(¢) Pattern 5 (II) - continue increase
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Figure 2. Definition of early age facial growth patterns.
H1 H2 H3 H4 H5 Hé6 H7 HS8 HY H10

POP1 POP2 POP1 POP. POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POPI POP2

49.7 1 479 47 17.2 22 278 31 23.7 17 20.8 17 3 1 17.3 25 125 25 8.9 25

89 6 13 9 9.5 23 17.2 8 16.6 11 185 24 8.9 3 125 8 119 8 125 8

213 9 225 16 272 15 243 13 243 19 19.6 12 22 6 19.6 10 214 10 17.9 10

10.7 7 6.5 18 17.8 7 9.5 25 10.1 20 10.1 21 113 22 16.1 34 14.9 34 214 34

95 1 10.1 10 284 3 213 23 254 3 31 2 548 o8 345 23 393 23 393 23

Vi V2 V3 V4 A& V6 v1 V8 V9 V1o vii

POP1 POP2 POP1 POP. POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2 POP1 POP2
411 21 393 19 22.6 15 4.2 31 54 2 4.2 0 6 2 83 1 6 3 72 4 125 14
18.5 35 22.6 38 14.9 26 9.5 20 4.2 1 3.6 1 4.8 3 24 2 4.8 7 54 7 9.5 17
16.7 12 20.2 6 26.2 12 26.2 16 113 2 9.5 1 119 1 149 1 11.9 9 21 13 26.2 27

71 4 54 9 14.3 11 19 7 10.7 8 4.8 7 8.9 15 8.9 6 8.9 11 12.6 10 13.1 14
167 28 125 27 2 35 411 26 685 87 78 91 68.5 79 65.5 90 68.5 70 53.9 66 387 28

Table 1. EAFG pattern distributions for each phenotype in two populations: populations 1 and 2.

based on the 19 features measured. Among the EAFG patterns, the higher the frequency, the darker the gray.
Among 21 phenotypes, 14 phenotypes, HI-H7 and V5-V11 showed similar distribution patterns between POP1
and POP2, whereas 7 phenotypes showed unique distribution patterns between POP1 and POP2. However, the 7
phenotypes representing unique growth patterns were clustered within Pattern 1 and Pattern 5. High proportions
of Pattern 5 were observed for both horizontal and vertical measurements. When examining specific regions
of the face, the area around the eyes showed high proportions of Pattern 1, whereas the other facial phenotypes
showed high proportions of Pattern 5. For most Koreans, the distance between H1 and H2 decreased with aging,
the measurement for H3 increased with age, and H4 showed a tendency to decrease with age. Among the other
eye widths, H5 and H6, most commonly increased with age, and the vertical eye measurements, V1 and V2,
also showed a tendency toward an increasing pattern. In the nose, the width of the nostrils most commonly
increased, and the length of the vertical axis of the nose showed the largest increasing pattern. Around the lips,
many individual’s patterns showed measurements that were maintained or increased types as they aging.

Genotype analysis. Genome-wide single-nucleotide polymorphism (SNP) genotypes were obtained from
an 800 K SNP microarray experiment using an Axiom array followed by imputation using 1000 Genomes Phase
3 data'®, resulting in a total of 7,375,270 polymorphic SNPs included in the GWAS. We conducted a GWAS for
the combined analysis of POP1 and POP2, in addition to separate analyses for POP1 and POP2. The significant
or suggestive SNPs from the combined analysis were determined based on the criteria of a p-value <5x 1078 for
significant SNPs and 5x 1078 < p-value<1x 107 for suggestive SNPs. In addition, SNPs in the individual POP1
and POP2 analysis with p-value <0.05 were considered significant. The combined GWAS results are illustrated
using quantile-quantile (QQ) plots (Supplementary Fig. S2) and Manhattan plots (Supplementary Fig. S3) for
each phenotype. A total of 97 SNPs satisfied the genome-wide significance criteria (p-values<5x107%), and
759 SNPs were identified with suggestive association p-values (5x 107® < p-value <1x107°) for 21 facial pheno-
types (Supplementary Table S3). The SNPs were analyzed by clustering patterns: 77 SNPs were singletons (i.e.,
a single significant SNP without co-segregation with other SNPs nearby the significant SNP), and 729 SNPs
in 104 loci showed a clustered pattern (i.e., significant or suggestive SNPs co-segregated with more than three
other significant or suggestive SNPs). The significant or suggestive and clustered SNP loci were illustrated using
regional signal plots (Supplementary Fig. S4). The top significant SNPs for each significant cluster are described
in Tables 2 and 3. The criteria for dividing DD, DI, CC, ID, and II patterns were established and validated using
quantitative trait association analysis (Wald test). Among the 5 EAFG patterns in the horizontal and the vertical
measurements, we identified significant and suggestive SNPs. The phenotype used in this study was analyzed
by coding facial growth patterns from the past to the present from 1 to 5 (Supplementary Table S4). There was
no significant difference in the distribution of patterns between males and females in the facial growth pattern.
Therefore, gender was not used as a covariate in the GWAS analysis in this study.

The SNPs of the existing Facial Measurement GWAS results were checked once more in the results of this
study, and the results were included in a separate Supplementary Table S5. We could test 20 SNPs that was
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Phenotype

CHR:POS"

SNP

Alleles (ALT/
REF)

‘This study

EAS

EUR

AMR

Combined population 1 &2

Population 1

Population 2

Beta

P

Bonferroni

Bonferroni

Beta

P

Gene

H1

chr7: 4759542

rs4523152

AIG

0.75

2.2.E-06

1.8.E+00

2.0.E-04

L6.E+02

0.57

LLE-02

9.1.E+03

FOXK1

Forkhead
box K1

H1

chrl1: 119897453

1s610831

1.9.E-09

1.5.E-03

9.8.E-07

7.9.E-01

2.5.E-03

2.0.E+03

TRIM29

‘Tripartite motif

HI

chrl5: 25158591

1575095637

0.3

033

0.08

0.08

054

9.5.E-06

7.6.E+00

0.67

14.E-04

LLE+02

034

14.E-02

1.2.E+04

SNRPN

Small nuclear
ribonu-
cleoprotein
polypeptide N

H1

chrl8: 5957480

15609014

7.4.E+00

27.6-04

22.E+02

24.E+04

L3MBTL4

L3MBTL histone

methy

binding
protein 4

H2

chr2: 61987760

1512464486

AIG

0.2

6.1.E-07

49.E-01

9.9.E-07

7.9.E-01

4.8.E-02

38.E+04

FAMI61A

FAMI61
centrosomal
protein A

H2

chré: 98785243

151078326

AIG

-0.56

5.0.E-06

4.0.E+00

-0.63

3.7.E-05

3.0.E+01

-045

3.3.E-02

2.6.E+04

POU3F2

POU class 3
homeobox 2

chrl0: 115326193

153850690

GIA

7.4E-06

5.9.E+00

55E-05

4.4.E+01

32.E-02

2.6.E+04

HABP2

Hyaluronan
binding
protein 2

H2

1573088095

AIG

0.18

1.9.E-06

15.E+00

59.E-04

47.E+02

0.89

6.1.E-04

49.E+02

TASP1

Taspase 1

H3

chrl: 199634598

1510919736

AIG

027

7.6.E-06

6.1.E+00

047

2.0.E-03

L6E+03

8.2.E-04

6.6.E+02

NR5A2

Nuclear receptor
subfamily
5groupa
member 2

chr7: 95531815

154357216

T/IC

-0.57

9.0.E-06

7.2.E400

-053

1.0.E-03

8.2E+02

-0.64

3.1LE-03

25.E+03

DYNCII1

Dynein
cytoplasmic 1
intermediate
chain 1

H3

chr9: 90275422

1559370521

-0.65

1.LE-06

8.5.E-01

-063

9.9.E-05

7.9.E+01

-0.68

43.E-03

34.E+03

DAPK1

Death associated
protein kinase 1

H3

chr10: 86454472

1511201173

TIC

0.58

3.LE+00

057

1.6.E-04

L3E+02

CCSER2

Coiled-coil
serine rich
protein 2

H3

chrl0: 86052147

1510788337

GIA

076

0.61

-0.68

53.E-06

4.2.E+00

-06

1.8.E-03

L4E+03

-0.74

2.0.E-03

16.E+03

Long intergenic
non-protein cod-
ing RNA 858

H3

chrl2: 132189183

rs11246765

T/C

0.54

0.22

-0.59

7.7.E-06

6.1.E+00

3.0.E-03

24.E+03

7.4.E-04

6.0.E+02

SFSWAP

Splicing factor
SWAP

H4

chré: 28178636

1516893817

GIA

0.16

0.16

0.18

0.67

7.6.E-06

6.1.E+00

0.62

8.8.E-04

7.0.E+02

3.8.E-03

3.0.E+03

TOB2P1

Transducer
of ERBB2, 2
pseudogene 1

H4

chr7: 95531815

154357216

TIC

054

0.87

0.86

5.8.E-06

4.6.E+00

045

8.5.E-03

6.8.E+03

0.83

LLE-04

84.E+01

DYNCII1

Dynein
cytoplasmic 1
intermediate
chain 1

H4

chr8: 53365524

15188209

I
)

6.1.E-06

4.9.E+00

38E-04

3.0.E+02

8.6.E-03

6.9.E+03

ST18

ST18 C2H2C-
type zinc finger
transcription
factor

H4

chrl0: 86447497

1559213736

TIG

039

0.44

029

0.19

5.8.E-06

4.6.E+00

- 059

22E-04

1.7.E+02

-0.57

1.0.E-02

8.2.E+03

CCSER2

Coiled-coil
serine rich
protein 2

H4

chr10: 37425238

151200907

059

0.6

74.E+00

9.4.E-04

7.5E+02

0.67

33.E-03

2.6.E+03

ANKRD30A

Ankyrin repeat
domain 30A

chrl2: 70403306

151239925

TIC

0.36

-0.68

LLE+00

1.2.E-04

9.4.E+01

-061

6.4.E+03

MYREL

Myelin regula-
tory factor like

H5

chr16: 10268243

151104474

0.67

056

9.2E-06

7.3.E+00

1.7.6-02

1.4.E+04

4.0.E-05

32.E+01

GRIN2A

Glutamate
ionotropic recep-
tor NMDA type
subunit 24

H6

chrl: 240747943

154571950

GIA

0.36

046

021

027

-0.63

43.E-06

34.E+00

~0.65

1.3.E-04

LO.E+02

-0.57

1.2.E-02

9.6.E403

GREM2

Gremlin 2, DAN
family BMP
antagonist

H6

chrl: 92098152

1512137034

-0.62

5.6.E-06

45.E+00

-0.68

9.8.E-05

7.8 E+01

-0.52

1.9.E-02

1.5.E+04

TGFBR3

Transforming
growth factor
beta receptor 3

H6

chrs: 98302185

152635140

2.2.E+00

6.8.E-05

5.4E+01

1.2.E+04

LOC101927066

Uncharacterized
LOC101927066

H6

chr9: 31411344

1510813575

027

5.4.E+00

9.2.E-05

74E+01

1.9.E+04

ACO1L

Aconitase 1

H6

chrll: 125839926

15562363

CIT

022

017

024

073

1.2.E-06

9.6.E-01

0.85

25E-05

2.0E+01

1.2.E-02

9.6.E+03

CDON

Cell adhesion
associated, onco-
gene regulated

H6

chrl4: 81237260

151976104

013

0.15

022

-0.69

53.E-06

4.2.E+00

-072

1.6.E-04

1.3.E+02

-0.62

1.2.E-02

9.6.E+03

CEP128

Centrosomal
protein 128

H7

chr3: 151243183

1562274696

CIG

-0.81

1.7.6-02

-0.82

2.1.E-05

1.7.E+01

16.E+02

IGSF10

Immunoglobu-
lin superfamily
‘member 10

H7

chrd: 9809859

1512500086

GIA

-043

5.1.E-06

4.1.E+00

-043

6.3.E-04

5.0.E+02

-0.33

8.2.E-03

6.6.E+03

SLC2A9

Solute carrier
family 2
member 9

H7

chrll: 112696012

157115108

TIC

-0.67

7.3.E-09

5.8.E-03

-077

3.6E-07

29E-01

-0.35

35.E-02

28.E+04

LOC101928847

Uncharacterized
LOC101928847

H7

chrl3: 62363197

159539309

GIA

027

2.9.E-06

23.E+00

-059

2.6E-04

2.1LE+02

-045

5.2.E-03

42.E+03

LINC00358

Long intergenic
non-protein cod-
ing RNA 358

H8

chr7: 103948904

154729991

GIA

0.19

023

0.04

0.29

-08

83.E-06

6.7.E+00

-082

23E-04

1.9.E+02

-0.76

13.E-02

LO.E+04

LHFPL3

LHFPL tetraspan
subfamily
member 3

HY

chr2: 105819699

1557392464

GIA

6.0.E+00

-061

4.1.E-03

33E+03

-091

4.1E+02

GPR45

G protein-
coupled recep-
tor 45

HY

chr4: 30164906

79854133

[eliy

0.08

0.01

0.05

-0.94

2.3.E-06

19.E+00

-1.01

3.2.E-05

2.6E+01

-0.83

1.7.E-02

13.E+04

PCDH7

Protocadherin 7
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Combined population 1 &2 Population 1 Population 2
Alleles (ALT/ Gene Gene
Phenotype | CHR:POS' SNP REF) Thisstudy | EAS | EUR AMR Beta P Bonferroni | Beta P Bonferroni | Beta P
Piccolo presyn-
HO chr7i82791402 | rs4341113 cia 013 013 | 065 05 ~o081 87.E-06 70,5400 —086 | 43E-04 345402 —071 | LLE-02 845403 PCLO aptic cytomatrix
protein
CD300 molecule
H9 chrl7: 72633223 158069701 AIG 0.34 0.28 0.42 0.3 -0.6 7.5.E-06 6.0.E+00 -0.58 3.9.E-04 3.1L.E+02 - 0.64 4.8.E-03 3.9.E+03 CD300E like famlly mem-
ber E
Solute carrier
HO chr22:32737548 | 155753988 T/A 035 034 | 004 009 063 53.E-07 43E-01 065 L8.E-05 L5.E+01 056 13.5-02 1L0.E+04 SLCSA4-RFPL3 | family 5
member 4
. i ] ] i ] ] ] ] - BPI fold contain-
HO chr22:32823156 | 155749436 AG 044 045 | 014 0.17 057 6.4.E-06 5.1E+00 053 47.5-04 385402 0.62 6.4.E-03 5.1E+03 BPIEC PR
ing family C
CX-C motif
H10 chr2:137331155 | 52060004 T/A 013 013 | 026 021 -075 3.LE-06 256400 -063 | 23.E-03 L8.E+03 -081 | 17.E-03 13403 CXCR4 chemokine
receptor 4
N-acetylated
N " n i : ) ) i alpha-linked
H10 chr3i175898398 | 1s12488870 | A/T 036 035 | 027 025 061 28E-06 235400 065 25E-05 20.E401 055 185-02 158404 NAALADL2 i dipepts
acidic dipepti-
dase like 2
H10 chr4:131116188 | rs1873867 T/C 029 0.25 02 0.26 -0.65 35E-06 28E+00 -055 17.6-03 14E+03 ~0.68 3.1E-03 25E+03 LOCI101927305 ‘U;‘Ch‘“g;‘;';;?d
HI0 chr5:35805553 | rs1389836 ar 01 009 | 026 0.16 ~079 73.E-06 5.8.E400 ~077 | 34E-04 27402 ~074 | 12E-02 9.6.E+03 SPEF2 Sperm flagellar 2
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i
Large tumor
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HI0 chri97874562 | rs58009080 | C/G 031 027 | 005 023 ~06 3.7.6-06 3.0.E400 ~054 | 1L5E-03 12E+03 ~06 35.E-03 285403 EVISL integration site
slike

Table 2. Features of suggestive and significant SNPs in horizontal regions associated with the 5 EAFG patterns
identified in the combined sample and each individual population sample. Significant values are in bold.
*Physical positions are based on NCBI build 37 of the human genome.

previously reported in other studies, and described the association results for the early facial growth patterns
that the major phenotypes of this study. Most of the tested SNPs were found to have no significance or very
weak significance. The reason for this difference is that this study is not an analysis to discover genetic markers
related to differences in facial shape between individuals, but an analysis of childhood facial growth patterns.

A limitation of this study was that there were not enough participants and some factors that could affect
facial growth were not measured. The facial measurements were appeared 2D images rather than 3D images. To
understand for facial growth patterns, we tried to measure for facial traits, such as take a photograph of early
age participants in the studio and recruited past pictures. Through like this study, further study will be more
understand for facial morphology and facial growth.

Discussion

Human development is characterized by distinct developmental processes, especially during adolescence, and
the speed and direction of craniofacial development differ for each person. Therefore, under the assumption
that the speed and direction of development would differ across individuals, we calculated the changes in facial
measurements according to age over time for each individual and for each indicator and divided these change
patterns into five major categories. An index was calculated based on the positioning of landmarks in the facial
profile picture, according to a widely used method for current facial analyses. GWAS analysis of facial develop-
ment patterns was performed by recoding each of the five growth patterns as individual values.

Despite the significant difference from the existing approach such as GWAS analysis of face measurements or
facial deformities, we were able to obtain GWAS results that were repeatedly associated with facial features. A total
of 97 significant indicators were identified, including indicators related to craniofacial development in 19 areas.
Because the probabilistic effects and differences of facial phenotypes must be confirmed by replication analysis
of identified loci, we divided the collection into two groups, and the genetic influences in each group were ana-
lyzed for stochastic effects through replication analysis and it were confirmed through the replication indicators.

In the nose, the width of the nostrils most commonly increased with age, and the length of the nose showed
the largest tendency toward increase across all of the vertical axis. Around the lips, many individuals showed
patterns of increase or maintenance, whereas the patterns associated with the mouth were distributed differently
in each population, indicating the degree of difference in the growth patterns among individuals.

The length of H1 and H2 have the most decreasing patterns with aging. H5 and H6 have the most increasing
patterns with aging. The most noticeable changes were observed for the cutis and subcutaneous bone.

For both POP1 and POP2, as shown in Table 1, H3 most commonly have the most increasing patterns,
whereas H4 most commonly have the most decreasing patterns. Because as they grow, the elasticity of adjacent
tissues under the eyes decreases due to growth, resulting in the sagging tail appearance of the eyes. In addition,
H8, H9, and H10 appeared to be very significant indicators, which appeared to influence each other. H8 is a
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Table 3. Features of suggestive and significant SNPs in vertical regions associated with the 5 EAFG patterns
identified in the combined sample and in each individual population. Significant values are in bold. *Physical
positions are based on NCBI build 37 of the human genome.

diagonal length on the left side of the nose, which tends to increase with age. H9 is the width of the nose, which
tends to increase with age because the lower lateral cartilage and the skin surrounding the ends of the septum
weaken, losing elasticity.

Among the vertical axis lengths, many indicators showed similar patterns of increase as the horizontal area,
and the vertical axis indicators of the face appear to affect each other during growth. The vertical lengths of the
eyes, V1 and V2, showed the greatest tendency toward an increasing pattern. The length of the nose, measured
by V5-V8, commonly increases until the age of 20 years. The characteristics of the nose are well known and
include major changes, such as long, drooping tips'®. The bone base that supports the nose in youth, a pair of

Scientific Reports|  (2022) 12:13828 | https://doi.org/10.1038/s41598-022-18127-6 nature portfolio



www.nature.com/scientificreports/

nasal bones, and the ascending process of the maxilla are responsible for many of the soft tissue changes that are
observed in the nose during aging®.

The pattern frequencies measured for EAFG showed that although we used independent populations, our
results were replicated in each population. As shown in Table 1, approximately 70% of the facial development
patterns were replicated in each group. The index with the highest frequency was replicated in each group, indi-
cating a common pattern across populations. Although a few indices showed a different pattern, these unique
indices clustered into large categories (increase or decrease).

However, no analysis model exists for facial growth, and the classification of facial growth as a visual expres-
sion clustering model is limiting. In this study, we analyzed by applying the —assoc option provided by PLINK
software, and the results of this analysis are based on statistical models called likelihood ratio test and Wald test.
The reason for applying this analysis is that the phenotype we are targeting is not a general quantitative pheno-
type, but multinomial variables called facial growth pattern. The currently available method for genome-wide
analysis of these variables and multiple SNPs was the statistical model provided by PLINK software. Therefore,
the significance between the SNP and the phenotype discovered in this study can be understood as an analysis
result of whether the SNP has the explanatory power to explain the phenotype. Some genetic studies based on
multinomial variables, and among them, we can check an example of applying the same likelihood ratio test as
ours2,

In addition, the number of samples cannot be considered representative of all Koreans. However, this study
represents the first attempt to classify the pattern of facial growth, and when data from two independent groups
collected at the same time are analyzed and compared, the common result (the frequency of the pattern is more
than 70% coincident) overcomes these limitations.

Most facial changes occur before age 18, but growth and facial remodeling have been shown to continue
throughout life. The facial skeleton is generally believed to expand continuously throughout life?*, which is
reflected in the gradual increase in certain facial anthropometric measurements with age, such as anterior nasal
cavity and facial width. Certain measurements increase significantly with aging, but some measurements are
reduced. The chin length becomes shorter as the mandible of the face grows backward due to aging, resulting
in a shorter overall face length.

Some extrinsic variables like gender?, body mass® are known to effect facial morphology. The main influence
of gender on facial phenotypes was reported as nasal area and upper facial area, and body mass index (BMI) was
reported as a face width characteristic*. Obesity-related sites such as cheeks and neck were excluded from the
measurement. So, it is thought that the effect of the degree of obesity in this study is relatively small.

GWAS results provide a hypothesis-free approach to identifying important genetic variations that under-
lie craniofacial shape differences within populations®. A total of 97 significant or suggestive SNPs in 19 gene
regions and loci that have previously been associated with facial morphology were identified in this study. For 19
loci showing significant and suggestive phenotypic associations, substantial literature was identified associating
these loci with facial development, as shown in Fig. 3. In the current work, we found 10 suggestive SNPs in the
horizontal region: FOXK1%, IGSF10*®, FAM161A*, POU3F2*°, DYNC111*', SESWAP*?, TRIM29%, RAPGEF1*,
PCDH?7%, and CXCR4%. We also found 9 suggestive SNPs in the vertical region: ZSWIM6*, CSN3%*, ATXN1*,
COL18AI*, CHST9*', CTNNA3*, ASTN2*, TUSC3*, and MTCLI*. The gene annotations from the UCSC
database (https://genome.ucsc.edu) was used to predict the functional effects of the variants. The genes reported
to affect embryonic development from UCSC database included CXCR4* in the horizontal region and CSN3**
and TUSC3* in the vertical region. The genes reported to affect cranial growth and brain development included
ZSWIM6, ATXN1%®, ASTN2%, and MTCLI* in the vertical region. In addition, genes related to molecular
mechanisms in the regulation of skeletal muscle and cartilage included FOXK1*, RAPGEF1*, and IGSF10*® in the
horizontal region, and COLI8AI* and CHST9* in the vertical region. The genes associated with retinal circuit
components and the growth of sensory organs were FAM161A%, POU3F2*, and SFSWAP* in the horizontal
region. Finally, the genes related to frontonasal and dysmorphic facial features were PCDH7*, TRIM29%, and
DYNCI111* in the horizontal region and CTNNA3* in the vertical region.

The authors have generated an interesting report using 2 dimensional images to perform a facial shape GWAS
study focused not on fixed time points, but on ontogenetic growth trajectories. To my knowledge, this is a novel
analysis. It is also performed in an interesting way, using a mixture of photo types. The argument for this paper
is framed around using this for the purpose of being able to improve the accuracy of age progression for missing
children, but there is very little discussion of that and this is a very intriguing basic science question.

The facial growth patterns that occur in childhood remain poorly understood and estimating facial growth
simply through photographic analysis or the use of existing facial indicators can be difficult. In addition, an
individual’s unique facial morphologies can be difficult to quantify using simple photographic indicator analysis.
The characteristics of facial growth should consider differences in each individual’s innate genetic makeup. This
study is meaningful because we have classified and characterized facial growth patterns that occur in childhood
and will contribute to research on face growth, face recognition, and potentially contribute to finding missing
children in the future. This study can serve as a basis for understanding facial morphology and can be expanded
to various research fields exploring facial growth, including forensic sciences for both adults and children.

Materials and methods

Study participants. The facial images were obtained from the Human ICT, a company specializing in col-
lecting face data. Related individuals among the participants were not included in the analysis. The facial meas-
urement data were obtained from the National Project of the Missing Child conducted by the Korea Institute of
Science and Technology (KIST). Two independent populations (POP1 and POP2) between the ages of 18 and
20 were recruited in different periods: 172 individuals in POP1 were recruited from January 2019 to July 2020,
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Figure 3. Drawings indicate the facial phenotypes and genes associated with the 5 EAFG patterns identified
using genome-wide significant associations.

and 100 individuals in POP2 were recruited from July 2020 to September 2020. Relatives were not included, only
individuals were included. Two types of facial photos were collected: a current picture and older pictures of the
same individual. Each individual’s current photo was taken in a studio using a Canon EOS 1300D camera with
2592 x 1728 resolution at 400 Ix illumination. The participants were asked to close their mouths, hold their faces
in a neutral expression, and prevent hair from covering their foreheads. The older photos comprised various
ages that can constitute individual chronologies, and a minimum of 4 to a maximum of 21 photos were collected
from each participant. Among older facial photos, high-quality photos, such as passport photos and school
graduation photos, were prioritized. We also asked the participants to supply photos in which the face was in a
neutral expression, not family photos, and torn photos or those that were creased over the face were excluded.
Age information was collected for each of the past photos. All facial photographs were digitized with a scanner.
We collected a total of 172 current photos and 884 past photos for POP1 and 100 current photos and 600 past
photos for POP2.

Ethics statement. The research was conducted in accordance with the principles described in the Declara-
tion of Helsinki*. The Institutional Review Board of Theragen Bio Institute approved this study (internal review
board No.: 700062-20181130-GP-006-01), and all participants provided written informed consent.

Craniofacial measurements. To extract features for craniofacial measurements in current and past facial
photographs, we first detected the facial region in each photograph using DIib¥. DIib*’ detects the face and
automatically identifies facial landmarks after the facial region is detected. Among the numerous facial feature
points detected, we selected 19 feature points and utilized two facial landmark detectors to automatically extract
those feature points, as shown in Fig. 1. One of the detectors was used to extract the facial landmarks using an
hourglass network-based feature adaptation network (FAN)*® approach, whereas the other detector was an in-
house program that combined DIib*’ and Stasm*. The FAN method stacked three hourglass networks, including
residual architecture, which is parallel, hierarchical, and multi-scale blocks®, to enhance the performance of the
feature localization. Stasm* is an active shape model (ASM)>! method with feature descriptors that we fused to
the DIib¥ program. All detectors were programmed in C++ and python in a Qt environment. Facial detection
and feature point extraction were performed as automatic processes but could also be manually modified to
obtain more accurate feature locations by a well-trained operator (accuracy: 98.8% on average).

Euclidean distances between two selected points based on the 19 selected features were calculated, as shown
in Supplementary Table 2. A total of 21 facial metric values were calculated. Before this process, the distances
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between the centers of both eyes were normalized to 1 for all images to avoid issues associated with scale differ-
ences between components and differences in the Z-axis between the subjects and the camera. Distance calcula-
tion programs were implemented in Visual Studio C++.

Face measurement quality controls and sample filtering. We clustered measurements into groups
of horizontal and vertical measurements and selected 10 phenotypes to represent the horizontal index and 11
phenotypes to represent the vertical index. The 21 facial phenotypes were measured in each current and past
profile photograph, using the 19 facial landmarks in Supplementary Table 2. For all facial phenotypes, we per-
formed data quality controls on volunteers, regardless of the trait being studied. We drew boxplot diagrams for
each of the 21 measurements to exclude outlier data from the top 2% and the bottom 2% from all past and cur-
rent measurements using the R programming language used in R packages®?. Obesity-related sites such as cheeks
and neck were excluded from the measurement. An ordinal multinomial model was applied to show that the
results were not due to bias. In this study, we analyzed by applying the —assoc option provided by PLINK soft-
ware, and the results of this analysis are based on statistical models called likelihood ratio test and Wald test*"?2.

Early age facial growth pattern (EAFG) analysis. Facial growth shows large variations among indi-
viduals; therefore, we graphed the time series of individual facial measurements based on age relative to the
current age (Supplementary Fig. S1) using a non-linear model in QQ plot in R package®*. We defined a total of 5
EAFG growth patterns that were clustered as follows (Fig. 2): Pattern 1 (DD), continued decrease; Pattern 2 (DI),
decrease to increase; Pattern 3 (CC), constant; Pattern 4 (ID), increase to decrease, and Pattern 5 (II), continue
increased. Among 21 phenotypes, we coded the 5 EAFG patterns and summarized each individual with similar
aging trends in Table 1.

Genotype data. Oral swab samples (KIST) were obtained, and DNA was extracted using ExgeneTM Tis-
sue SV (GeneAll, Seoul, Korea). All DNA samples were amplified and randomly portioned into 25-125-bp
fragments, which were purified, resuspended, and hybridized to an Axiom array (TPMRA chip, Thermo fisher,
Seoul, Korea), a customized array based on the Asian Precision Medicine Research Array (Thermo fisher Sci-
entific, Waltham, Massachusetts, USA), Following hybridization, the bound targets were washed under strin-
gent conditions to remove non-specific background to minimize noise resulting from random ligation events.
The SNP set was filtered based on genotype call rates (>0.98) and MAF (>0.10). Hardy-Weinberg equilibrium
(HWE) was calculated for individual SNPs using an exact test. All SNPs reported in this manuscript demon-
strated HWE p-values >0.0001. After filtering, 560,795 polymorphic SNPs were analyzed on chromosomes 1-22.

Imputation of SNPs.  We conducted an imputation analysis to increase the genome coverage. Imputation
of genotypes was performed using minimac4* at the Michigan Imputation Server (MIS) using the 1000G Phase
3 v4 reference panel®. We uploaded phased GWAS genotypes and received imputed genomes in return. After
imputation, 7,375,270 polymorphic SNPs were analyzed on chromosomes 1-22. INFO score is over than 0.8.

Genome-wide association studies of EAFG patterns. To identify not only individual indicators but
also indicators that commonly affect facial growth, we performed an analysis that combined the phenotypes of
POP1 and POP2. We also conducted a genome-wide association scan of the coded 1 to 5 EAFG growth patterns
using asymptotic analyses (likelihood ratio test and Wald test) using the combined population of POP1 and
POP2. Population-specific and combined population analyses were performed using PLINK version 1.9 (https://
www.cog-genomics.org/plink/)**, SPSS (IBM SPSS Statistics Inc., New York, U.S.)*%, and R Statistical Software®.
We calculated the beta coefficient and the standard error (SE) values for the association study. To compare the
GWAS results for each population, we conducted a replication study using 172 samples from POP1 and 100
samples from POP2. We selected the genetic markers associated with the 5 EAFG patterns in each GWAS, deter-
mined by association p-values<1x 107 in the combined dataset and p-values<0.05 for the individual popula-
tion datasets and the replication study. In this study, GWAS analysis was performed based on about 800,000
SNPs. The Bonferroni correction p-value threshold is applied. The results are shown in Tables 2 and 3 and
Manbhattan plots are depicted in Supplementary Fig. S3. The QQ plot, generated using R Statistical Software®,
of the observed p-values showed minimal inflation of the GWAS results from the combined population sample
(Supplementary Fig. S2).

Annotation of SNP-associated genes. To identify and annotate genes that are functionally related to
suggestive and significant SNPs identified in the GWAS, SNP locus data were obtained from the UCSC Genome
Browser (Genome Bioinformatics Group, University of Santa Cruz, Santa Cruz, CA, USA). The gene annotations
from the UCSC database and Genotype-Tissue Expression (GTEx) database (GTEx Analysis Release v.8, http://
www.gtexportal.org/) were used to predict the functional effects of the variants. We constructed regional plots of
association for regions of interest using the program LocusZoom (Supplementary Fig. S4)*’.

Data availability
Raw genotype or phenotypic data cannot be used due to limitations imposed by ethics. The Summary statistics
obtained here are based on the GWAS analysis and can be accessed with the supplementary materials.
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