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Facial and cranial variation represent a multidimensional set of highly correlated and heritable phenotypes.
Little is known about the genetic basis explaining this correlation. We develop a software package ALoSFL
for simultaneous localization of facial and cranial landmarks from head computed tomography (CT) images,
apply it in the analysis of head CT images of 777 Han Chinese women, and obtain a set of phenotypes
representing variation in face, skull and facial soft tissue thickness (FSTT). Association analysis of 301 single
nucleotide polymorphisms (SNPs) from 191 distinct genomic loci previously associated with facial variation
reveals an unexpected larger number of loci showing significant associations (P < 1e—3) with cranial
phenotypes than expected under the null (O/E = 3.39), suggesting facial and cranial phenotypes share a
substantial proportion of genetic components. Adding FSTT to a SNP-only model shows a large impact in
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explaining facial variance. A gene ontology analysis reveals that bone morphogenesis and osteoblast dif-
ferentiation likely underlie our cranial-significant findings. Overall, this study simultaneously investigates the
genetic effects on both facial and cranial variation of the same sample, supporting that facial variation is a
composite phenotype of cranial variation and FSTT.

Copyright © 2022, The Authors. Institute of Genetics and Developmental Biology, Chinese Academy of
Sciences, and Genetics Society of China. Published by Elsevier Limited and Science Press. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

A strong correlation exists between human facial and cranial
morphology, likely due to sets of shared genetic components. Un-
derstanding the genetic basis explaining this correlation has guiding
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significance in human phenomics and genetic epidemiology, as well
as has important implications in fields such as developmental
biology, precision medicine, anthropology and forensic sciences.
Facial and cranial morphology each represents a set of highly
correlated phenotypes, where strong correlations also exist between
the two sets (Simpson and Henneberg, 2002; Albert et al., 2007;
Duan et al., 2014; Kim and Shin, 2018). From genetic epidemiology
perspective, it is reasonable to expect that cranial morphology is an
endophenotype of facial morphology to a certain degree because a
change of cranial shape is sufficient in resulting in a change of facial
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shape but not vice versa. On the other hand, facial morphology may
be considered a composite phenotype composed of skull and soft-
tissue variation. Given the high heritability of both facial and skull
morphology (Liu et al., 2012; Weinberg et al., 2013; Seselj et al., 2015;
Cole et al., 2017; Tsagkrasoulis et al., 2017), they serve as perfect
reference traits to elucidate the relationships between endo and
composite phenotypes.

Over the last years, a significant progress in understanding the
genetic basis of facial variation has been made by a series of well-
sized genome-wide association studies (GWASs). These studies
typically apply advanced image processing technologies to quantify
facial phenotypes from 2D or 3D facial photos, and screen for face-
associated DNA variants over the genome in a variety of population
samples. To date, a total of about 365 candidate single nucleotide
polymorphisms (SNPs) at 235 distinct genomic loci have been
identified for association with the facial variation at the genome-wide
significance level (Liu et al., 2012; Paternoster et al., 2012; Adhikari et
al., 2016; Cole et al., 2016; Pickrell et al., 2016; Shaffer et al., 2016;
Lee et al., 2017; Cha et al., 2018; Claes et al., 2018; Crouch et al.,
2018; Qiao et al., 2018; Li et al., 2019; Xiong et al., 2019; Huang et
al., 2020; Bonfante et al., 2021; White et al., 2021). The allelic ef-
fects at the associated loci were typically small, together explaining
on average 5%—10% of the phenotypic variance (Claes et al., 2014;
Lippert et al., 2017; Qiao et al., 2018; Xiong et al., 2019), confirming a
highly polygenic nature of facial variation. A substantial proportion of
the associated SNPs also demonstrated a multi-trait effect with
various allele effect sizes, thus providing a genetic explanation for the
correlations between different facial phenotypes. Most of the robust
associations concentrate on the central part of the face (eye, nose,
jaw) where the thickness of the soft-tissue seems having less vari-
ance (Stephan and Simpson, 2008; Baillie et al., 2016). While the
genetic progress on facial variation are significant, genetic studies on
the cranial counterpart are scarce, likely due to the difficulties in
obtaining sufficient skull samples. Forensic studies aiming to
reconstruct facial shape from a skull for individual identification
purposes have described extensively the characteristics of facial soft
tissue thickness (FSTT) and its large influence on the accuracy of
facial reconstruction (De Greef et al., 2006; Simmons-Ehrhardt et al.,
2018). However, few studies have ever explored facial variation
composed of skull variation and FSTT in the context of genetics.

In this study, we investigated the genetic basis explaining the
relationships between facial (composite phenotype) and cranial
morphology (endophenotype) by examining how candidate SNPs
previously reported in facial GWASs may influence cranial
morphology. We obtained 125 facial phenotypes, 125 cranial phe-
notypes and 35 FSTT phenotypes in 777 Han Chinese women using
advanced image analysis of head CT scans. We tested the associ-
ation between a set of 301 previously identified face-associated
SNPs and facial, cranial and FSTT phenotypes. Our results
revealed the genetic architecture underlying the correlation of facial
and cranial variation, supporting that facial morphology is a com-
posite phenotype with cranial morphology and soft tissue thickness
as key components.

Results
Automated landmarking of skull and face landmarks (ALoSFL)

This study was conducted in a relatively young female cohort
(mean age = 26.01 + 5.04) of Han Chinese origin (Fig. S1) with a
narrow variation in body mass index (BMI, mean = 19.34 + 2.02,
Table S1). We focused on 15 anatomical facial landmarks which also
have corresponding landmarks on their cranial counterpart (Fig. 1A
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and 1B; Table S2; Materials and methods). We developed a novel
software package, Automated Landmarking of Skull and Face
Landmarks (ALoSFL), to simultaneously locate facial and cranial
landmarks from head CT images (Figs. 1C and S2; Materials and
methods). In a testing set of 20 samples, intra-rater, inter-rater and
ALOSFL correlations were all very high for both facial and cranial
landmarks (r > 0.98; Table S3). ALoSFL errors were fairly close to
inter-rater differences (face: 2.43 mm, skull: 2.15 mm; Fig. S3). For
bilateral zygomatic points, larger variations were observed for intra-
rater differences (1.61 mm—1.75 mm), inter-rater differences (2.54
mm—3.23 mm), and ALOSFL errors (3.70 mm—4.76 mm; Table S3).
This is likely explained by the fact that bilateral zygomatic points are
more difficult to be located precisely. These results evidently support
the reliability of ALoSFL in simultaneously locating facial and cranial
landmarks from head CT images.

Face-associated SNPs affect cranial morphology

We investigated 125 phenotypes for facial and cranial variation
and 35 phenotypes for FSTT, including Euclidean distances be-
tween landmarks (105 pairwise inter-landmark distances for facial
and cranial variation, 15 intra-landmark distances for FSTT) and top
20 principal components (PCs) from a shape analysis (Fig. S4;
Materials and methods). The distributions of FSTT observed in our
data were in high consistency with anatomical knowledge (Fig. S5).
Age and BMI showed significant effects on facial and cranial phe-
notypes, and their explained variances of facial phenotypes were on
average greater than that of cranial phenotypes as expected
(Fig. S6; Table S4).

Considering inter-landmark distances, strong correlations were
observed between cranial and facial phenotypes (Pearson’s corre-
lation r = 0.84 + 0.07), among which the highest correlations were
concentrated in the central area of the face/skull, mainly involving the
surface points of the inner and outer corners of the eyes, nose and
mandible. The relatively lower correlations mainly scattered to the
sides of the face/skull, involving the zygoma, nasal alar, and lip
(Fig. S7), which are characterized by less accurate anatomical defi-
nitions or relatively thicker soft tissue. These results suggest that
facial and cranial phenotypes generally harbor substantially high
correlations.

The genetic association analysis included 301 candidate SNPs
from 191 distinct genomic loci (Table S5). Overall, the association P-
values for facial and cranial phenotypes significantly deviated from
the null distribution that was obtained based on permutations from
genome background SNPs (Kolmogorov-Smirnov test, P = 4.98e—4
for face and P = 4.06e—4 for skull; Fig. 2A). The association P-values
for FSTT phenotypes also nominally significantly deviated from the
null but at a much lower level of significance (P = 0.03; Fig. S8). These
results confirm that the set of candidate SNPs overall has a genuine
effect on facial and cranial variation.

The association analyses were conducted under different
thresholds (1e—2, 1e—3, 1e—4, 1e—5; Table 1). The threshold of
1e—5 roughly corresponds to our study-wide type-I| error of 0.05
after adjusting for multiple testing (Materials and methods). Under
this threshold (1e—5), our data however did not have power to detect
any significant association. Because our study does not aim to
identify new associations but rather to investigate the effects of a set
of well-established face-associated SNPs, we report our results
under a relaxed threshold of 1e—3. Under this relaxed threshold, the
power of our sample for detecting an additive allele at the frequency
of 0.2 with a standardized effect size of 0.2 was about 50%
(Materials and methods). Among the 191 previously established
face-associated loci, 34 showed significant (P < 1e—3) associations
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D Facial landmarks Cranial landmarks

1 Glabella (g) Glabella (g)

2 Nasion (n) Nasion (n)

3 Nose bridge (rhi) Rhinion (rhi)

4 Left alare (alL) Left alare (alL)

5 Right alare (alR) Right alare (alR)

6 Subnasale (sn) Nasospinale (ns)

7 Left entocanthion (enL) Left dacryon (dL)

8 Right entocanthion (enR) |Right dacryon (dR)

9 Left ectocanthion (exL) Left ektoconchion (ekL)
10 Right ectocanthion (exR) |Right ektoconchion (ekR)
11 Left zygion (zyL) Left zygion (zyL)

12 Right zygion (zyR) Right zygion (zyR)

13 Labrale superius (Is) Prosthion (pr)

14 Labrale inferius (li) Infradentale anterius (id)
15 Gnathion (gn) Gnathion (gn)

826 Han Chinese women
head Computerized Tomography (CT)

A 4

(a) CT image preprocessing and
quality control
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50 images as atlas (d) Automated Localization of Skull and
Face Landmarks (ALoSFL)
A 2
=
20 images for validation Test image
i
L 2 L 4
I VR S > Multi-atlas registration
(b) 3D skull and face
reconstruction using Mimics -
‘ Bone & Soft tissue segmentation Label fusion
s ¥
. . . landmark localization
Cropping regions of interest
5 Y J
L 4
‘ 3D reconstruction ‘
: g Generalized Procrustes Analysis (GPA)
L / )
L 2 L 4
(c) Manual labelling of landmarks [ Facial, cranial and FSTT phenotyping

(Euclidean distances + top 20 PCs)

Fig. 1. Automated localization of facial and cranial landmarks from head CT images. A: A reference face and skull illustrates the 15 facial and cranial landmarks with the FSTT of each
landmark proportional to the redness and the node size. B: The names of the 15 facial and the corresponding cranial landmarks. C: The overall flowchart of ALoSFL for automated

localizing facial and cranial landmarks.

with facial, cranial, or FSTT phenotypes (Fig. 2B; Table S6). Among
the 34 highlighted loci, 20 were associated with distance-based
phenotypes, 19 were associated with shape PCs with 5 over-
lapping with distance-associated loci (Fig. 2D). The 14 PC-only
significant loci were generally weakly (1e—3 < P < 0.05) associated
with multiple distance phenotypes, confirming a presence of multi-
trait effects of the genetic variants. Among the 34 highlighted loci,
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18 were associated with facial phenotypes, 22 were associated with
cranial phenotypes with 12 overlapping with the face-associated
loci, and 9 were associated with FSTT phenotypes with 3 over-
lapping with the face- or skull-associated loci (Fig. 2C; Table 1). The
ratio of the number of observed signals over the expected number
under the null was large for cranial phenotypes (O/E = 3.39) and
facial phenotypes (O/E = 2.77) but smaller for FSTT phenotypes (O/
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Fig. 2. SNPs associated with facial, cranial and FSTT phenotypes in 777 Han Chinese women. A: P-value quantiles for association between 301 previously established face-associated
SNPs and 125 facial (blue curve) and cranial (red curve) phenotypes. The genome background P-value quantiles were obtained by randomly resampling 301 SNPs for 1000 replicates,
where the dark gray curve denotes the mean values of the 1000 replicates and the light gray area represents the 95% interval of the 1000 replicates. B: The right panel displays the
association results for the 301 SNPs and 125 facial phenotypes (dots in the upper part), 35 FSTT phenotypes (crosses in the upper part), and 125 cranial phenotypes (dots in the lower
part). The —log4o(P-values) for all SNPs were plotted against the chromosomal positions. The dotted red line corresponds to the threshold of P = 1e—3. The lead SNPs in distinct
genomic loci are highlighted in different colors. The candidate genes reported in previous GWASs in these loci are denoted in text, where bold font indicates significant for at least two
types of phenotypes (facial, cranial, and FSTT). The significant associations with inter-landmark distances (lines) and FSTT (crosses) are superimposed on face/skull maps (the left
panel), with the same color scheme as the right panel. C: A Venn diagram for the number of distinct loci associated with facial, cranial and FSTT phenotypes. D: A Venn diagram for the

number of distinct loci associated with inter-landmark distances and shape PCs.

Table 1
The number of associations under different thresholds.
Threshold N_SNPs Face and skull FSTT
(N_phenotypes 34) (N_phenotypes 26)
E Face (O/E) Skull (O/E) E FSTT (O/E)
1e—2 191 64.94 96 148 91 140 49.66 61 1.23
1e—3 191 6.49 18 277 22 339 497 9 1.81
1e—4 191 0.65 2 3.08 4 6.16 050 O 0.00
1e—5 191 0.06 O 0.00 O 0.00 005 O 0.00

Note: N_SNPs, the number of independent tests after removing linkage disequilibrium;
N_phenotypes, the number of independent tests after adjusting for phenotype cor-
relations; E, the expected number under the null; O/E, the ratio of observed number
and expected number under the null; Face, the number of SNPs associated with facial
phenotypes under the threshold. Skull, the number of SNPs associated with cranial
phenotypes under the threshold; FSTT, the number of SNPs associated with FSTT
phenotypes under the threshold. The threshold of 1e—5 corresponds to 5% study-
wide type-| error after fully adjusting for all independent tests.

E = 1.81; Table 1). This strongly suggests that facial and cranial
variation share a substantial proportion of genetic components but
less conclusive for FSTT. We therefore focus more on facial and
cranial associations in our follow-up analyses.

Interestingly, the association signals that were more significant for
cranial phenotypes than facial phenotypes more likely involve land-
marks of thinner FSTT such as the eyes, nasal frontal area and the
nasion (Fig. 3A—3C), while those signals more significant for facial
phenotypes than cranial phenotypes more likely involve landmarks of
thicker FSTT such as the lip, the nose wings and the cheeks (Figs. 3D
and S9). These observations may be explained by their biological
functions. For example, mutations in OSR7 were found to cause
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abnormal skeleton morphology in mice (Bult et al., 2019). HOXD
genes were reported to regulate limb development and skeletal
patterning (Zakany et al., 2004). Loss of MTX2 leads to man-
dibuloacral dysplasia (Elouej et al., 2020). Furthermore, repeating the
association analysis by including the FSTT as covariates identified
one additional locus showing significant association with facial
phenotype, i.e., rs6568401 near PRDM1 on chromosome 6921 was
associated with the distance between the upper and lower lips
(before adjustment, P = 1.06e—3; after adjustment, P = 9.42e—5;
Table S6), confirming a gain of power in the analysis of the facial
phenotypes with large variation in FSTT.

Differential biological processes between cranial and facial
morphogenesis

We carried out a gene ontology (GO) analysis to compare a set of
skull-associated genes (n = 34) with a set of face-associated genes
(n = 28; Materials and methods). Overall, skull-associated genes
harbored a larger number of significantly enriched GO terms than
face-associated genes (Fig. S10A). For the GO terms shared be-
tween the two gene sets, skull-associated genes were generally
more significant than face-associated genes. These included “em-
bryonic morphogenesis” (Pskui = 1.00e—20, Piace = 1.00e—16),
“skeletal system development” (Pskun 1.00e—18,
Ptace = 1.00e—17), “cartilage development” (Pskui = 6.31e—8,
Piace = 2.51e—5), “pattern specification process” (Pskun = 1.00e—20,
Ptace 1.00e—17) and “ossification” (Pskul 1.26e—38,
Piace = 6.31e—3). The skull-unique terms were “bone morphogenic
protein (BMP) signaling pathway” (Pskui = 6.31e—4), “positive
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Fig. 3. Examples of genetic effects on face and skull. A: rs7567283 near OSR71-WDR35. B: rs17134499 near COBL. C: rs10178696 near MTX2 and HOXD cluster. D: rs227727 near
NOG. The association P-values are plotted at the —log10 scale on a reference face and skull to illustrate the genetic effects on facial and cranial variation. The association significance is
proportional to the redness and the width of the lines. Solid lines denote P < 1e—3 and dashed lines denote 1e—3 < P < 1e—2.

regulation of bone mineralization” (Pgky = 1.26e—5) and “regulation
of osteoblast differentiation” (Pskyy = 3.98e—7), whereas face-
unique terms included “roof of mouth development”
(Pface = 6.31e—5)” and “forebrain development” (Piace = 5.01e—3;
Fig. S10A; Table S8). A network analysis of protein—protein in-
teractions among the skull- and face-associated genes identified a
subnetwork of 27 interacting proteins, including BMP7, TBX15 and
HOXD13 with much higher network degree representing the three
clusters of genes associated either with skull, or face or both
(Fig. S10B; Materials and methods). These results indicate that
bone morphogenesis related pathways may explain the different
gene sets in association with facial and cranial phenotypes.

Facial variation as a composite phenotype of cranial variation
and FSTT

We obtained several lines of evidence supporting that facial
variation is a composite phenotype of cranial variation and FSTT.
First, FSTT was positively correlated with almost all facial landmarks
(mean r1 = 0.20), cranial landmarks were highly positively correlated
with facial landmarks (mean r2 = 0.79), but the correlations between
FSTT and cranial landmarks were on average much weaker (mean
r3 = —0.02; Figs. 4A, 4B, S11). The derivation of various correlations
are detailed in the Materials and methods section. Second, the
correlation between a pair of corresponding facial and cranial land-
marks is different for different landmarks depending on the FSTT of
that landmark, i.e., thicker soft tissue led to a reduced correlation
between a pair of corresponding facial and cranial landmarks
(Pearson’s correlation r4 = —0.60, P = 0.02; Fig. 4C). Third, the ge-
netic effect on the skull was positively correlated with the
facial—cranial correlations (Pearson’s correlation r = 0.21; P = 0.03)
but the genetic effect on the face did not show any statistically sig-
nificant correlation with the facial—cranial correlations (P = 0.30;
Fig. 4D). These findings generally support the hypothesis that facial
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variation is a composite phenotype of cranial variation and FSTT. It
also should be noted that these observations were based on a
relatively small sample, which requires further validation by experi-
mental design in future studies.

A correlation partitioning analysis was carried out to investigate
the contribution of a set of 20 SNPs and FSTT in explaining the
facial—cranial correlations based on a previously proposed C sta-
tistic (Chen et al., 2021). These 20 SNPs were significantly associated
with facial or cranial phenotypes in terms of inter-landmark distances
(Table S6). The analysis showed that SNPs and FSTT together
explained on average 4.08% facial—cranial correlations, significantly
much higher than the SNPs alone (1.91%, Wilcoxon signed-rank test
P = 1.04e—11; Fig. 4E and 4F). The top explained facial—cranial
correlation was the distance between glabella and nasion (g—n), for
which the SNPs and FSTT together explained 13.24% and the SNPs
alone explained 0.69%. The top facial—cranial correlation explained
by the SNPs alone was 5.06% for g-zyL/R phenotypes where adding
the effect of FSTT could explain 6.86% (Table S9). These results
confirm the genetic variants and FSTT together explain the correla-
tion between cranial and facial morphology.

A prediction analysis was carried out to compare different
models in predicting facial phenotypes (Materials and methods).
This analysis demonstrates that the genetic model fitted for pre-
dicting cranial phenotypes (model 3 in Fig. 4H) could explain a
similar proportion of facial variance compared with the model fitted
for predicting facial phenotypes (model 1 in Fig. 4H), and adding
FSTT could substantially enhance the explainable facial variance
(models 2 and 4 in Fig. 4H). More specifically, the SNP-only model
fitted for predicting facial phenotypes (model 1) explained on
average 1.78% and up to 4.94% (gn-exL/R) facial variance. Adding
FSTT variables (model 2) explained a significantly higher proportion
of facial variance (mean R? = 4.91%, up to 14.16% for zyL-zyR).
Cranial phenotypes predicted using the SNPs (model 3) explained
on average 1.71% and up to 4.66% (gn-exL/R) facial variance
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and F: A correlation partitioning analysis investigates the contribution (C statistic) of the selected 20 lead SNPs and FSTT in explaining the facial—cranial correlations. Boxplots show that
the 20 lead SNPs and FSTT together (the right reference face/skull) explain significantly higher proportions of facial—cranial correlations than the lead SNPs alone (the left reference face/
skull). G and H: A LOOCYV based prediction analysis using multivariate linear regression models evaluates the facial variance explained by the predicted face/skull based on the 20 lead
SNPs and FSTT. Boxplots show the proportions of facial variance explained by predicted face (model 1), predicted face combined with FSTT (model 2), predicted skull (model 3) and
predicted skull combined with FSTT (model 4). The left reference face illustrates facial variance explained by a predicted skull alone (model 3) and adding FSTT as an additional predictor

(model 4) substantially enhance the explainable facial variance on the right reference face.

(Fig. 4G). Adding the FSTT variables (model 4) significantly
enhanced the explainable variance (mean R% = 4.90%, up to
14.65% for zylL-zyR; Fig. 4G; Table S10). These results support
facial variation is a composite phenotype of cranial variation and
FSTT.

Discussion

This study simultaneously investigated the genetic association of
facial and cranial phenotypes obtained in the same sample. We
developed ALoSFL for localizing both facial and cranial landmarks
from head CT images in a fully automated manner. We identified that
previously established face-associated SNPs also showed signifi-
cant effects on cranial variation, often with even larger effects than
their effects on facial variation. Functional enrichment analyses
further provided evidence for differential biological processes be-
tween the cranial and facial significant gene sets. A model fitting
analysis confirmed that genetic factors and FSTT independently
explain a substantial proportion of facial variation, supporting our
hypothesis that facial variation is a composite phenotype of cranial
variation and FSTT. These findings are of guiding importance for
genetic studies of human complex traits.
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Our genetic association analysis revealed that cranial variation
and FSTT are potential endophenotypes of facial variation. Endo-
phenotype, a key concept in genetic epidemiology, is a term used to
separate a composite phenotype into more stable phenotypes with
stronger genetic connections (Gottesman and Gould, 2003; Preston
and Weinberger, 2005). As suggested by our study, GWASs sepa-
rately conducted for cranial variation and FSTT are expected to
deliver extended lists of genetic variants that are more directly
associated with the endophenotypes, thus boosting the explained
variance of facial variation. In addition, adjusting for FSTT in facial
GWASs may increase the statistical power in detecting effect alleles.
In modern molecular epidemiology, the concept of endophenotype is
further extended by considering different layers, such as genetic
variations and epigenetic modifications (Miller and Rockstroh, 2016).
Understanding the complex interactions between and within the
layers is critical for explaining the heritability of the composite
phenotype (Greenwood et al., 2019). Future studies focusing on in-
tegrated analyses of multi-omics datasets may further enhance our
understanding of the genetic architecture of human facial variation.

With ALoSFL, 50 labeled atlas images are sufficient to achieve a
similar accuracy level to a recent deep learning-based approach
using more training samples (Yun et al., 2020), but the accuracy
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largely depends on the choice of landmarks, that is, more anatomi-
cally precisely defined, more accurate, in line with previous findings
(Montufar et al., 2018; Yun et al., 2020). Importantly, ALoSFL facili-
tates FSTT estimation from simultaneous cranial and facial land-
marking, which is highly consistent with the FSTT measurements
obtained from manual point placement (Hwang et al., 2015) and the
dense map of facial tissue depths manually built from CT images
(Simmons-Ehrhardt et al., 2018).

Thirteen of our confirmed 34 loci have been repeatedly associated
with facial variation in multiple independent GWASs (Liu et al., 2012;
Adhikari et al., 2016; Cole et al., 2016; Pickrell et al., 2016; Cha et al.,
2018; Claes et al., 2018; Xiong et al., 2019; White et al., 2021), with
more cranial-significant loci than facial-significant loci (Table S6).
Further evidence from existing literature supports that our cranial-
significant genes play a critical role in bone morphogenesis and
osteoblast differentiation during craniofacial development (Calloni
et al., 2009; Chen et al., 2020).

Regarding the limitations of the study, our estimation of FSTT
might be influenced by the difference between upright and supine
positions due to gravitational shift (Bulut et al., 2017). Nonetheless,
our landmark-based phenotyping in a relatively young female cohort
with lower variation in BMI should be less affected. The relatively
small sample size as indicated by our power analysis, which may lead
to false negative results, although our study does not intend to
discover new loci. Despite of the limited sample size, we observed an
unexpected large number of genetic associations at relaxed signifi-
cance thresholds for both facial and cranial phenotypes.

In conclusion, our findings strongly pinpoint the significance of
genetic study on cranial variation and we have provided a pioneer
example for elucidating the genetic basis explaining the correlation
between the composite and the endophenotype. It is reasonable to
expect that large-scale GWASs of cranial variation and FSTT will
provide a more comprehensive figure of the complex genetic archi-
tecture shared between facial and cranial variation.

Materials and methods
Samples

A total of 826 unrelated Han Chinese women voluntarily partici-
pated in this study via the department of plastic surgery, Huashan
Hospital affiliated to Fudan University, Shanghai, China from 2019 to
2021. This study was approved by Ethics Committee of Huashan
Hospital affiliated to Fudan University, Shanghai, China (Registration
number 2021-150). All volunteers provided written informed consent.
This study is compliant with the Guidance of the Ministry of Science
and Technology (MOST) for the Review and Approval of Human
Genetic Resources. All volunteers underwent micro plastic surgery
for cosmetic purpose. Head CT images were collected before sur-
geries, thus not affecting the genetic association. The inclusion
criteria include (1) no craniofacial morphology; (2) no head injury; (3)
no craniofacial disease, thyroid disease, pituitary disease, or tumors;
and (4) no medical conditions that affect growth and development.
After all phenotypic and genotypic quality controls (see below), this
study included a total of 777 women.

CT image preprocessing, 3D reconstruction and manual
landmarking

Whole head CT scans were performed on SIEMENS spiral CT
scanner with 20—466 in slice number, 0.6—1 mm in slice thickness
and 512 x 512 pm in resolution. Raw images in DICOM format with
slice number < 50 or with metal objects were removed. 3D recon-
struction and manual landmarking were performed using Mimics
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v15.0 (Materialise; Leuven, Belgium), including (1) segmentation of
bone and soft tissues using the default Hounsfield unit thresholds
respectively, (2) cropping and trimming to remove the neck, hair and
imaging artifacts, and (3) Frankfurt Horizontal plane transformation.
We focused on 15 pairs of landmarks having correspondences be-
tween the face and the skull (Table S2). These landmarks, mainly
located in the midface, are anatomically well defined with relatively
high heritability estimates (Wu et al., 2019; Xiong et al., 2019), and
have been repeatedly used in previous GWASs of facial variation. To
access inter-rater concordance, two experienced clinicians manually
labeled the 15 landmarks. For intra-rater comparison, one clinician
repeated the labeling after two weeks. All images were resampled to
2 x 2 x 2 mm for subsequent analyses.

Automated localization of skull and face landmarks (ALoSFL)

ALOSFL was developed based on multi-atlas registration and label
fusion algorithms (Zhuang et al., 2011). The training and testing sets
consisted of 50 and 20 labeled images as atlas (reference) and vali-
dation respectively, and both were randomly selected from all sam-
ples. The atlas images with manual labels were considered as targets.
Test images were registered to match each of the targets through
spatial transformation using both linear and nonlinear deformation.
Deformation of test images was conducted by maximizing mutual
information. The predicted landmarks proposed by the top five atlas
images most similar to the test image were fused into the final posi-
tionings of landmarks by averaging. For each landmark, the average
coordinate of intra-rater labeling was considered as the reference.
Euclidean distances were computed between ALOSFL and the
reference and compared with the inter-rater difference. ALOSFL was
applied to the full dataset to obtain facial and cranial landmarks. All
landmarks were visually checked and manually fine-tuned using
Mimics. Generalized Procrustes analysis (GPA) was conducted to
remove affine variations due to shifting, rotation and scaling.

Facial, cranial, and FSTT phenotypes

FSTT values were calculated as the Euclidean distances between
the facial and the corresponding cranial landmarks, and therefore 15
FSTT phenotypes were obtained. For symmetrical landmarks (zy, ex,
en, al), average values were used. A total of 105 inter-landmark
Euclidean distances were derived for both the face and the skull.
For symmetric phenotypes, average values of the left and right sides
were used. The vast majority of our phenotypes followed the normal
distribution (adjusted P > 0.05, Shapiro—Wilk test). Outliers with more
than three standard deviations were removed and Z-normalized
phenotypes were used in the subsequent analyses. Landmark PCs
were derived using R package shapes v1.2.6 (Dryden and Mardia,
2016). The top 20 PCs were selected as PC phenotypes. There-
fore, this study included a total of 125 facial phenotypes, 125 cranial
phenotypes and 35 FSTT phenotypes.

DNA genotyping, quality control and imputation

DNA samples were genotyped on lllumina Infinium Global
Screening Array 650K. Samples with incorrect gender, missing
rate > 5%, |heterozygosity| > 0.2, duplicates and second-degree
relatives were excluded. SNPs with minor allele frequency
(MAF) < 1%, call-rate < 97%, Hardy—Weinberg P-value < 1e—5, and
samples missing > 2% were excluded. Pre-phasing was performed
in SHAPEIT2 (Delaneau et al., 2011), and imputation was performed
using IMPUTE2 (Howie et al., 2009) based on the 1000 Genome
Project (GP) Phase 3 reference panel (Genomes Project et al., 2015).
After post-imputation quality control, 7,551,003 SNPs were obtained.
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Genomic principal component analysis was conducted to confirm
that all our samples are of East Asian ancestry using the 1000GP
datasets.

Statistical analyses

Out of the 365 SNPs previously reported in facial GWASs
(Table S5), 301 were included after quality control. Genetic associ-
ation was tested using PLINK v2.0 (www.cog-genomics.org/plink/2.
0/) by linear regression under an additive genetic model, with age,
BMI and the first 10 genomic PCs as covariates. Bonferroni correc-
tion was used to adjust the effective number of independent vari-
ables, which was estimated using the matrix spectral decomposition
method (Li and Ji, 2005). The threshold for fully adjusting for multiple
tests was roughly 1e—5 with 34 independent phenotypes for face and
skull and 26 independent phenotypes for FSTT and 191 independent
loci. The association analyses were conducted under different
thresholds (1e—2, 1e—3, 1e—4, 1e—5). A power analysis was per-
formed by simulating data based on an additive genetic model at the
effect allele frequency of 0.2 with standardized effect size of 0.2
under the sample size of 800 and various conditions of statistical
significance threshold alpha. Permutation tests were conducted by
randomly selecting 301 SNPs from the genome background and
repeating for 1000 times. Genetic association of the random sets of
SNPs were tested with facial, cranial, and FSTT phenotypes,
respectively. For each iteration, the minimum P-value of each SNP
across phenotypes was used. Kolmogorov—Smirnov (KS) test
(Massey, 1951) was used to compare the distribution of P-values
between random SNPs from the genome background and 301 face-
associated candidate SNPs for facial, cranial and FSTT phenotypes
respectively.

Considering facial landmark data F as an n by m matrix con-
sisting of n individuals and m landmarks, the distance from a facial
landmark j to the origin is calculated based on landmark co-
ordinates, denoted as F;, so are S for cranial landmark data and T
for FSTT with the same dimension. The correlations between a
facial landmark, the corresponding cranial landmark and its FSTT
are derived as r1; = cor(F;, T;), r2; = cor(F;,S;) and r3; = cor(S;, T))
respectively. r4 = cor(T,r1) denotes the correlation between the
average FSTT and the facial—cranial correlation across landmarks.

A correlation partitioning analysis was conducted using a C sta-
tistic (Chen et al., 2021). For each facial phenotype, a prediction
analysis based on leave-one-out cross validation (LOOCV) was
carried out to assess the predictabilities of four models. Model 1 only
included the 20 lead SNPs, model 2 additionally included FSTT
variables of the two landmarks for an inter-landmark phenotype,
model 3 included a predicted cranial phenotype using the 20 SNPs,
model 4 included FSTT variables in addition to the predicted cranial
phenotype. The predicted face/skull was obtained by fitting a
multivariate linear regression model.

A gene ontology enrichment analysis was carried out using
Metascape (Zhou et al., 2019). Gene ontology terms were classified
into four categories: a) morphogenesis, b) development, c) differen-
tiation and d) signaling and regulation (Table S8). A total of 41 face-
and skull-associated genes were included, which are either physi-
cally closest to the regional SNPs or have been reported in previous
studies (Table S5). A protein—protein interaction (PPI) network
analysis was applied using STRING database (Szklarczyk et al.,
2019), with a subnetwork of connected candidate genes. The sub-
network was analyzed and clustered by Cytoscape using Markov
Cluster algorithm (Shannon et al., 20083).

Statistical analyses were performed using R v4.0.3 and Python
v3.7.4 unless otherwise specified.
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Data availability

Summary statistics are available on the National Omics Data
Encyclopedia (NODE) (https://www.biosino.org/node/project/detail/
OEP002650), with project ID OEP002650. Data usage shall be in
full compliance with the Regulations on Management of Human
Genetic Resources in China. ALoSFL software is freely available on
GitHub (https://github.com/kevinwolcano/ALoSFL).
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