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Abstract

The interocular distance, or orbital telorism, is a distinctive craniofacial trait that also serves as a clinically informative measure.
While its extremes, hypo- and hypertelorism, have been linked to monogenic disorders and are often syndromic, little is known about
the genetic determinants of interocular distance within the general population. We derived orbital telorism measures from cranial
magnetic resonance imaging by calculating the distance between the eyeballs’ centre of gravity, which showed a good reproducibility
with an intraclass correlation coefficient of 0.991 (95% confidence interval 0.985-0.994). Heritability estimates were 76% (standard
error=12%) with a family-based method (N=364) and 39% (standard error=2.4%) with a single nucleotide polymorphism-based
method (N=34130) and were unaffected by adjustment for height (model II) and intracranial volume (model III) or head width
(model IV). Genome-wide association studies in 34130 European individuals identified 56 significantly associated genomic loci
(P <5 x 1078) across four different models of which 46 were novel for facial morphology, and overall these findings replicated in an
independent sample (N =10115) with telorism-related horizontal facial distance measures. Genes located nearby these 56 identified
genetic loci were 4.9-fold enriched for Mendelian hypotelorism and hypertelorism genes, underlining their biological relevance. This
study provides novel insights into the genetic architecture underlying interocular distance in particular, and the face in general, and
explores its potential for applications in a clinical setting.

Introduction

Orbital telorism, the distance between the eyes, is a
craniofacial trait that varies between individuals as a
result of growth processes of the skull and brain. Out-

signalling pathway on a molecular level (2). More
specifically, Shh initiates expression of Nkx2.1, which
is necessary for ventral forebrain development (3).
Problems during this embryonic process can not only

side the medical field, the eye-to-eye distance marks a
prominent feature of human facial variation. In a clinical
setting, it is primarily known for its two extremes, i.e.
hypo- and hypertelorism, respectively, a decreased and
an increased interocular distance. These two extremes
are considered dysmorphic features linked to specific
genetic syndromes or disorders (1).

The embryonic development of the face—with cell
migration towards and fusion in the midline—plays
a crucial role in variations of orbital telorism, mostly
thought to be controlled by the Sonic hedgehog (Shh)

lead to hypo- and hypertelorism, but also various other
midline anomalies such as cleft lip and palate (4,5).
Postnatally, the interorbital area continues to grow and
develop, primarily during the first three years of life
continuing until early adulthood, resulting in an increase
of the interorbital distance (6,7).

Although some monogenic Mendelian disorders have
been related to hypo- and hypertelorism, little is known
about common genetic factors leading to variations in
orbital telorism in the general population. Quantitative
orbital traits seem to be moderately to highly heritable,
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Figure 1. Study design. Figure showing the design of the study. ASPS, Austrian Stroke Prevention Study; ASPS-Fam, Austrian Stroke Prevention Family
Study; GWAS, genome-wide association study; OMIM, Online Mendelian Inheritance of Man database; RS, Rotterdam Study.

with estimates ranging from 34 to 72% (8,9), which sug-
gests that a large part of interindividual variation can
be explained by genetic factors. Whole-exome sequenc-
ing and genome-wide association studies (GWAS) have
indeed been performed to study the genetics underlying
facial morphology including the interorbital distance, yet
so far few associated genetic loci have been identified for
interorbital distance (10-19). A GWAS specifically focus-
ing on orbital telorism has not been carried out before.

To further elucidate genetic influences on orbital
telorism in adult humans, we measured interorbital
distance from magnetic resonance imaging (MRI) scans
in 34130 European individuals. We then estimated the
heritability of this trait using different methods and
performed GWAS with replication in an independent
sample from the largest facial morphology GWAS thus
far (N=10115) (18), followed by further exploration of
the biological and clinical relevance of the identified
genetic loci.

Results

A schematic overview of the study design is shown
in Figure 1. In short, we included 34130 participants
from four population-based studies, namely the UK
Biobank (20) (N=28919), the Austrian Stroke Prevention
Study (ASPS) (N=183), the ASPS Family Study (ASPS-
Fam) (21,22) (N=302) and the Rotterdam Study (23,24)
(N'=4726). Descriptive information about these studies,
including population characteristics, genotyping and
imputation information, and MRI acquisition and
analysis parameters are presented in Supplementary
Material, Table S1.

Repeatability, reproducibility and correlations

First, we assessed the reliability of our MRI-derived mea-
sures for orbital telorism and head width. Repeatability
scans were made in a subset of the Rotterdam Study
(N=85), which showed good repeatabilities for these
two measures, i.e. an intraclass correlation coefficient
(ICC) of 0.991 [95% confidence interval (CI) 0.985-0.994]
for orbital telorism and 0.982 (95% CI 0.972-0.989) for
head width (Supplementary Material, Figs S1 and S2). In
addition, a good correlation was shown between orbital
telorism and manual measurements of interpupillary
distance in another subset of the Rotterdam Study
(N=316), with an ICC of 0.837 (95% CI 0.800-0.867)
(Supplementary Material, Fig. S3).

Since orbital telorism is a trait reflecting growth of
the human body, we then explored the added value
of orbital telorism beyond other anthropometric traits.
To do so, we performed a correlation analysis between
orbital telorism and potential confounders including
important anthropometric traits within the UK Biobank
sample. This showed that orbital telorism is moderately
correlated with height (r=0.51), intracranial volume
(r=0.30) and head width (r=0.51) (Supplementary
Material, Fig. S4), and may therefore reflect growth
processes independent of these related anthropometric
traits.

Heritability, polygenicity and discoverability

To determine the overall contribution of genetic influ-
ences on orbital telorism, we then estimated the
heritability, polygenicity and discoverability. For the
heritability estimation, we used two different methods,
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Table 1. Heritability estimates

Model SNP-based
heritability

(N=34130), h? (SE)

Family-based
heritability
(N =364), h? (SE)

1 (age and sex) 0.76 (0.12) 0.39 (0.02)
2 (model 1 + height) 0.75 (0.12) 0.39 (0.02)
3 (model 0.74 (0.13) 0.40 (0.02)
2+ intracranial

volume)

4 (model 2 +head 0.82 (0.12) 0.40 (0.03)
width)

h?, narrow-sense heritability; N, sample size; SE, standard error.

le. family-based heritability and single nucleotide
polymorphism (SNP)-based heritability, providing, respec-
tively, upper and lower bounds for the true heritability
(25). Using a family-based approach, the heritability
in ASPS-Fam was estimated to be 0.76 [standard error
(SE) 0.12]. The SNP heritability estimate based on
GWAS summary statistics was 0.39 (SE 0.02). These
estimates were unaffected upon adjustment for height
and intracranial volume or head width (Table 1). The
polygenicity, i.e. the proportion of common SNPs from
the reference panel involved in orbital telorism, was
estimated to be 841 x 107%, and the discoverability,
ie. the mean strength of association, was estimated
at 1.80 x 10~*. The polygenicity and discoverability are
comparable to those of height, and orbital telorism seems
less polygenic and more discoverable than education and
intelligence, and more polygenic and less discoverable
than lipid traits (Supplementary Material, Fig. S5).

GWAS and replication

Subsequently, we aimed to detect which specific genetic
factors have an influence on variability in orbital
telorism. Using a GWAS approach, we first analysed each
cohort separately and subsequently meta-analysed the
results (N=34130). We tested four models, adjusting
for age, sex, principal components and study-specific
covariates (model I), and additionally for height (model
II) and intracranial volume (model III) or head width
(model IV). On a genome-wide significant level (P<5
x 1078), we identified 56 genetic loci across the four
different models, of which 23 genetic loci were consistent
across all models (Fig. 2A; Supplementary Material,
Table S2). However, none of the 78 genetic lead variants
showed significant differences in effect sizes across the
four models (Supplementary Material, Table S3). After
additional multiple testing adjustments (P <3.3 x 107%),
55 loci with 73 lead variants remained genome-wide
significant (Supplementary Material, Tables S2 and S3).
In all models, genomic inflation was observed (A=1.2),
although this could primarily be attributed to polygenic-
ity rather than population stratification, with linkage
disequilibrium (LD) score intercept values ranging
from 1.02 to 1.03 (Supplementary Material, Table S4).
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As a replication dataset, we used the discovery data
from a previously published GWAS on facial shape
in 10115 European individuals (18). In this dataset,
64 of the 78 lead genetic variants identified in the
current study were available, of which four replicated
after adjusting for the number of genetic variants
tested (P<0.05/64) and one variant (rs1371044) after
additional correction for the 16 proxy phenotypes (P <4.9
x 107°) (Supplementary Material, Table S5). However,
across the different models, polygenic scores (PGSs) of
the available genetic lead variants were significantly
associated with 9 out of the 10 horizontal eye distance
measures (Fig. 2B; Supplementary Material, Table S6),
also after excluding genetic variants that replicated
individually (Supplementary Material, Fig. S6). Since
the Rotterdam Study was present in both the facial
shape and orbital telorism GWAS, we also performed
the replication analysis excluding the Rotterdam Study
sample from the current orbital telorism GWAS meta-
analysis, which did not change the results substantially
(Supplementary Material, Fig. S7).

Non-European ancestry differences

Since orbital telorism not only differs between individ-
uals within ancestries but also across ancestries (26,27),
we hypothesized that the ethnic differences in orbital
telorism could partially be explained by differences
in allele frequencies of genetic variants for orbital
telorism. Based on the 1000 Genome allele frequencies,
we estimated that the allele frequency differences
between ancestries of the identified model I lead
variants would resultin a +0.17 mm difference in orbital
telorism for African ancestry individuals, +0.09 mm
for American ancestry individuals and +0.17 mm for
Asian ancestry individuals, compared with European
ancestry individuals (Supplementary Material, Table S7;
Fig. 2Q).

Impact on craniofacial morphology

To disentangle the telorism-specific and general cranio-
facial effects, we investigated the associations of genetic
factors for other craniofacial traits with orbital telorism.
First, we performed a look-up of 219 independently asso-
ciated lead genetic variants identified in previous facial
morphology GWAS (10-15,17-19,28,29). We found that 26
of these 219 signals were also significantly related to
orbital telorism after multiple testing adjustments (Sup-
plementary Material, Table S8). Although these were not
restricted to eye features (i.e. left eye to nasion distance,
right eye to nasion distance, shape of forehead and eye
area), we did observe a higher proportion of significant
signals for telorism-related features compared with nose,
mouth and chin features [eye and forehead 28.1% (9/32);
nose 6.0% (5/83); mouth 5.4% (2/37); chin 12.7% (7/55);
global or other 22.7% (10/44)].

Since previous studies have shown genetic overlap of
cleft lip and palate with facial morphology (30,31), we
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Figure 2. Genetic findings: discovery, replication and generalization. (A) Discovery. Circos plot showing the genome-wide association study findings
across different models. The outer layer is a Manhattan plot, with genome-wide significant variants depicted in colour, with colours corresponding
to the model with the lowest P-value. The inner layer is a heatmap showing for each genetic locus the model(s) in which the genetic locus has been
identified. The colours corresponding to each model are red (model I, adjusted for age and sex), yellow (model II, adjusted for age, sex and height),
green (model III, adjusted for age, sex, height and intracranial volume) and blue (model IV, adjusted for age, sex, height and head width). (B) Replication
using polygenic scores. Plot showing the overall contribution of genetic lead variants to facial shape measures in the genome-wide association study
by Xiong et al. (18) across the different models. Point estimates with their 95% confidence intervals are shown, with coloured error bars depicting facial
morphological distances surviving the Bonferroni multiple testing threshold (P < 0.05/16). (C) Generalization. Bar plot showing the overall differences in
orbital telorism in millimetres expected due to the allele frequency differences of the identified genetic lead variants across ancestries, in combination
with their corresponding effect sizes. The null line corresponds to the average polygenic score effect of the investigated data of European samples.

also performed a look-up of genetic variants identified  genetic variants for these traits, 3 were also associated
for non-syndromic cleft lip with or without cleft palate  with orbital telorism after correcting for multiple testing
and cleft palate alone. From the total of 53 independent (Supplementary Material, Table S9).
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Enrichment and functionality

We further hypothesized that genes linked to extremes
of telorism, i.e. hypo- and hypertelorism, would also be
relevant for normal variation in telorism. Therefore, we
assessed whether there was enrichment for genes previ-
ously associated with Mendelian disorders accompanied
by hypo- or hypertelorism. Indeed, there was a 5.3 times
enrichment for Mendelian hypotelorism genes, albeit
non-significant (Ngenes =2, P= 0.069), and a significant
4.6 times enrichment for Mendelian hypertelorism genes
(Ngenes =11, P=9.2 x 107%) compared with the rest of the
genome (Fig. 3A; Supplementary Material, Tables S10 and
S11). Only one additional gene (RSPO2) was identified by
including cleft and midline genes (Fig. 3B), resulting in an
enrichment ratio of 3.0 for cleft genes (Ngenes =10, P=5.2
x 107*) and 0.89 for midline genes (Ngenes =1, P=1).

To further explore which genes could potentially be
the target genes, we performed expression quantitative
trait loci (eQTL) analyses. Genes for which eQTLs were
present were also significantly enriched for Mendelian
hypertelorism (4.7-fold, P=1.9 x 107%?), cleft (3.2-fold,
P=9.8 x 1077/) and midline (3.2-fold, P=6.3 x 1073) genes
(Supplementary Material, Tables 510 and S11). In total,
eQTLs were found for 22 genes associated with OMIM
midline anomalies, of which five (CCND2, FGFR1, GBA,
LRP4, RSP0O?2) in brain tissue. For example, we found that
CCND?2, involved in the cell cycle G1/S transition, is not
only a gene nearby an identified locus, but genome-wide
significant variants were also eQTLs for CCND2 in brain
cerebrum and cerebellar tissue. Mutations in this gene
are known to cause Megalencephaly-polymicrogyria-
polydactyly-hydrocephalus syndrome 3, for which,
hypertelorism is one of the clinical features. No addi-
tional Mendelian hypotelorism and hypertelorism genes
were identified in an osteoclast-like cell culture eQTL
study.

Application

Next, we assessed the applicability of the genetic findings
in an independent dataset of the UK Biobank (N=7580).
Polygenic scores summarizing the effects of the iden-
tified genetic variant at multiple P-value thresholds
explained up to 2.7% of the variation in orbital telorism
values (Supplementary Material, Table 512). Compared
with basic prediction models for hypotelorism and
hypertelorism including age, the area under the curve
(AUC) increased from 0.498 to 0.647 for hypotelorism
and from 0.499 to 0.640 for hypertelorism (Fig. 4A and B).
Compared with a basic prediction model with age
and height, the AUC increased from 0.614 to 0.679 for
hypotelorism and from 0.587 to 0.670 for hypertelorism
(Supplementary Material, Fig. S8A and B); and compared
with a basic prediction model with age, height and
intracranial volume, the AUC increased from 0.667
to 0.708 for hypotelorism and from 0.607 to 0.687
for hypertelorism (Supplementary Material, Fig. S8C
and D). Given that genome-wide significant variants
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explain only 1.8% of the orbital telorism heritability
(Fig. 4C), we explored to what extent larger sample
sizes of future studies will result in an increase in this
explained variance. For example, we estimated that a 3-
fold increase in the sample size, from the current 34 k
to 100 k individuals, will lead to an ~7-fold increase
in explained variance (Fig. 4C). Similarly, we observed
a positive relation between sample sizes of the discovery
GWAS and discriminative ability of PGSs for hypo- and
hypertelorism in an independent sample (Fig. 4D).

Discussion

In this study, we elucidated the genetic architecture of
orbital telorism and identified 78 genome-wide signif-
icantly associated lead genetic variants located at 56
genetic loci across four different models. These loci were
enriched for genes known to cause hypo- and hyper-
telorism in Mendelian syndromes, underlining the bio-
logical importance of the identified loci.

To our knowledge, this is the largest GWAS on orbital
telorism so far, with a three-time increase of the sample
size compared with previous efforts investigating facial
morphology (18). To exploit available population imaging
data, we developed an automated tool to derive orbital
telorism measures from brain MRI scans, which showed
very good repeatability and correlated well with manual
interpupillary distance measures, which is a proxy of
orbital telorism. In fact, it has long been acknowledged
that radiographic measurements are more reliable than
manual measurements (6). Thus, our MRI-derived auto-
mated telorism measure yields promise for future stud-
ies incorporating the increasingly available large-scale
imaging datasets. Not only will this allow researchers to
study orbital telorism in larger samples, but also other
MRI-derived craniofacial traits. Importantly, the field is
moving from simple craniofacial measurements to more
comprehensive craniofacial traits, which resembles the
complex nature of craniofacial morphologies.

Our results confirm that orbital telorism is a heritable
trait, with estimates ranging from 0.74 to 0.82 using
family-based heritability methods, and 0.39 to 0.40 using
SNP-based heritability methods. This is in line with her-
itability estimates for other facial morphological traits,
which are known to be highly genetically determined
(32). We additionally estimated the polygenicity, i.e. the
proportion of causally associated genetic variants from
the total number of variants in a reference panel, and
the discoverability, i.e. the causal effect size variance (33).
We observed polygenicity and discoverability estimates
that were similar to those of height (33), a trait that has
proven to be a very successful trait for GWAS discoveries.
These findings therefore highlight the potential of orbital
telorism to further elucidate the genetic underpinnings
of facial morphology.

As orbital telorism reflects specific growth processes
of the human body, it is expected to be correlated with
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more global growth measures such as height or intracra-
nial volume as a proxy of head size. Although in clinical
practice hypo- and hypertelorism are usually determined
irrespective of other anthropometric traits, we were inter-
ested whether genetic factors related to orbital telorism
are independent of general growth factors for the human
body and head. We therefore created four different mod-
els, not only adjusting for age and sex, but also for
height, and either intracranial volume or head width—
which can also be useful for future research since the
results of each model can be of interest depending on the
research question at hand. Interestingly, however, even

after adjusting for height and either intracranial volume
or head width, the effects of the identified lead variants
did not change significantly. This suggests that genetic
factors related to orbital telorism are largely independent
of more global growth factors related to the growth of the
body and head.

Not only were the GWAS results similar across
the four different models, our overall findings also
replicated despite notable differences in the replication
sample compared with the discovery sample, ie. (1)
measures were derived from three-dimensional facial
images instead of MRI scans; (2) identical measurements
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Figure 4. Potential for clinical application. (A) Receiver operating characteristic (ROC) curve for the discriminative value of polygenic scores for
hypotelorism, as shown by the area under the curve (AUC) for polygenic scores with different P-value thresholds for the inclusion of genetic variants. (B)
ROC curve for the discriminative value of polygenic scores for hypertelorism, as shown by the AUC for polygenic scores with different P-value thresholds
for the inclusion of genetic variants. (C) Power plot showing the power of the current genome-wide association studies for orbital telorism in comparison
to high-density lipoprotein levels (64), height (65) and educational attainment (66). The lines show the expected fraction of heritability explained as a
function of the sample size. The stars denote the fraction of heritability explained by genome-wide significant variants at the current sample size. (D)
Bar plots showing the average AUC for hypotelorism and hypertelorism using telorism polygenic scores with different genome-wide association study
sample sizes and P-value thresholds. The x-axis shows the discovery sample sizes of the telorism genome-wide association studies. The panels show
the results for polygenic scores at different P-value thresholds for the inclusion of genetic variants.

of orbital telorism were not available and (3) other  variation due to scaling, shifting and rotation instead of
adjustments were made, i.e. body mass index and a adjustments for height, intracranial volume and head
generalized procrustes analysis (GPA) in order to remove  width. The replications of our findings were restricted to
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eye width-related measures and did not extend to width
metrics of the lower half of the face. This indicates that
overall, the identified genetic variants are specifically
associated with eye width-related measures.

Previous studies have shown differences in inter-
pupillary or eye-to-eye distance depending on ethnicity
(26,27,34). Although we were not able to include non-
European samples in our discovery set, we did explore
the generalizability of the findings to other ethnicities
attributable to differences in allele frequencies. In
accordance with phenotypic studies (26,27,34), individ-
uals with African or Asian ancestries were on average
predicted to have higher orbital telorism values than
individuals with European ancestries based on allele
frequency differences. It should, however, be noted that
this is a hypothesis unverified in non-European samples
with data on orbital telorism. More diverse samples
could provide more insight into the biology underlying
these ancestral differences and may reveal novel genetic
loci contributing to variation in orbital telorism, but few
samples are available.

Traditionally, midline traits including telorism are
thought to be mainly influenced by the Shh pathway
(2). However, only one nearby gene (WNT5A) overlapped
with the KEGG (35) Hedgehog signalling pathway, and
one additional eQTL gene (WNT16). This suggests
that a variety of gene types and pathways may play
a role in subtle variations in telorism in a general
population. Nonetheless, the biological relevance of
the identified loci was illustrated by the enrichment
of nearby genes for Mendelian syndromes associated
with hypotelorism or hypertelorism, mainly driven by
hypertelorism genes. For example, a common (minor
allele frequency =0.165) exonic lead variant (rs10494217)
in the T-Box Transcription Factor 15 gene (TBX15) in LD
with a genetic lead variant (r> =0.993) was significantly
associated with orbital telorism (Pmogen =1.87 x 1078)
with predicted deleterious effects (CADD score 22.7).
TBX15 is a gene coding for a transcription factor that
regulates the development of the skull. Mutations in this
gene are associated with Cousin syndrome, an autosomal
recessive Mendelian syndrome accompanied by facial
dysmorphologies including hypertelorism and cleft
palate. Another common (minor allele frequency =0.331)
3’-UTR variant with a CADD score of 14.52 (rs1374961)
located in the Fibroblast Growth Factor 10 gene (FGF10)
was in LD with another lead variant (r?=0.607). The
protein encoded by this gene is involved in various
biological processes including embryonic development
of the brain. Mutations in this gene can cause lac-
rimoauriculodentodigital syndrome, with hypertelorism
as one of its clinical features. This indicates that
these genes from various pathways influence orbital
telorism across the entire spectrum, from normal to
extreme.

Since facial morphological features are known to be
phenotypically and genetically correlated (18), we inves-
tigated the genetic overlap with other craniofacial traits.

Indeed, variants previously associated with facial mor-
phology were also associated with telorism in our sam-
ple, suggesting that these genetic factors affect multi-
ple facial morphological features. Previous studies have
also shown an overlap between the genetics of non-
syndromic cleft lip with or without cleft palate and nor-
mal variations in facial shape morphology (30,31). Since
orbital telorism and clefts are both facial midline phe-
notypes, we hypothesized that our findings would be
enriched for variants and genes associated with clefts
and midline biology in general. Although only few of
the previously identified variants for cleft lip and/or
palate were associated with telorism after multiple test-
ing, the majority of the overlapping OMIM genes for
hypertelorism were also known for their association with
clefts. One additional overlapping OMIM gene was iden-
tified by broadening the search to clefts and midline
biology in general, namely the R-Spondin 2 gene (RSPO2),
which enhances Wnt signalling through ubiquitin E3
ligase inhibition. Mutations in this gene are known to
be associated with Tetraamelia syndrome 2. This clin-
ical syndrome is characterized by partial or complete
absence of the limbs and bilateral lung agenesis, but is
also accompanied by facial dysmorphological features
including facial clefts. Genetic variants in LD (r? > 0.97)
with the geneticlead variant rs62537502 are in eQTL with
RSPO? in the brain cortex, pointing towards a potential
important role of this gene in normal variations in orbital
telorism. Although this entails only one of the two main
tissues thought to be involved, i.e. brain and bone tissue,
it is important to realize that bone tissue is usually not
present in well-established eQTL databases, including
GTEx v8. We did look into another smaller eQTL dataset
established using osteoclast-like cell cultures (N=158)
(36), but none of the significant eQTLs was linked to
genes known for Mendelian disorders associated with
hypotelorism or hypertelorism. Despite this, a similar
enrichment of OMIM midline genes was seen for eQTL
genes compared to the enrichment of nearby genes, sug-
gesting a substantial involvement of genes that are not
exclusively expressed in bone tissue.

GWAS findings are increasingly being used in clin-
ical practice (37). For telorism, PGSs could potentially
be used in the clinic to discriminate monogenic from
polygenic hypotelorism or hypertelorism. Therefore, we
tested whether PGSs of our findings showed a good dis-
criminative ability for hypotelorism and hypertelorism in
a general population. Although PGSs had a substantially
higher AUC compared with a basic model including age,
AUC estimates were moderate. Thus, while the results
look promising, PGSs for telorism need to perform bet-
ter before they become useful for clinical applications.
However, with the current sample size only a fraction of
the heritability is explained, which will increase in future
GWAS with more power. Using random subsets of the
UK Biobank sample, we also observed a positive relation
between discovery GWAS sample sizes and discrimina-
tive abilities of PGSs in an independent sample. With



the increasing availability and samples sizes of biobanks,
polygenic risk scores could distinguish monogenic from
polygenic telorism anomalies at a level that is helpful for
clinicians.

In conclusion, our study provides insights into the
genetics underlying subtle variations of orbital telorism
in a general population. Follow-up analyses revealed an
enrichment for genes associated with Mendelian dis-
orders associated with midline anomalies. GWAS with
larger sample sizes and studies in clinical populations
are needed to improve the applicability of telorism GWAS
findings in a clinical setting.

Materials and Methods
Study population

As discovery samples, we used data from the ASPS, the
ASPS-Fam (21,22), the Rotterdam Study (24) and the UK
Biobank (20). An independent subset of the UK Biobank
was used to assess the applicability of the genetic find-
ings. An overview of the population characteristics of
the discovery and application samples is provided in
Supplementary Material, Table S1.

Telorism and head width assessment

MRI scanners from different manufacturers and with
different characteristics such as field strength were
used to calculate telorism in the discovery samples
and the UK Biobank application sample (Supplementary
Material, Table S1). Calculations were performed on
T2-weighted sequences, and if not available on T1-
weighted sequences. In short, advanced normalization
tools registration (38) was performed between the native
and standard space (MNI). Then, the eyeball mask
manually derived from the MNI template was registered
to the native space using the metrics from the initial
registration. The centre of gravity of the eyeballs was
used to calculate the distance between the x, y and
z values. The distances were manually checked if the
distances, eye mask coordinates or mean voxel intensity,
were >2.5 standard deviations away from the mean.
Similarly, a mask containing fiducial points on the skull
of the MNI template was also registered to native space.
Head width was measured using points within the MNI
template located at [68.3, —30.0, —19.7] and [-69.1, —30.7,
—19.7], which was translated to the subject space using
the obtained deformation file. The distance between the
subject space points was obtained using the centre of
gravity function.

In 85 individuals from the Rotterdam Study, a repeata-
bility MRI scan was made. We used these scans to assess
the ICC for orbital telorism and head width. In addition,
for a subset of the Rotterdam Study measurements of
interpupillary distance derived from eye examinations
were available (N=316), which we compared with our
orbital telorism measurements since they should highly
correlate.
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Heritability, polygenicity and discoverability

To determine the overall contribution of common genetic
variants on variability in telorism, we calculated the
heritability of telorism using two different methods.
In the ASPS-Fam sample, we performed a variance-
components linkage analysis using the SOLAR software
(39), which provides a family-based heritability estimate.
Using the GWAS summary statistics, we estimated the
SNP heritability using the LD score regression (LDSC)
software (40). In both analyses, we adjusted for age and
sex (model 1), and additionally for height (model II),
intracranial volume (model 1II) and head width (model
IV). To estimate the polygenicity and discoverability of
orbital telorism, we used the MiXeR software (http://
github.com/precimed/mixer) (33).

Genome-wide association studies

Information regarding the genotyping and imputation
procedures, as well as association testing is provided
in Supplementary Material, Table S1. GWAS were per-
formed using linear regression under an additive model.
We adjusted for principal components (if needed), study
centre (if applicable), genotyping array (if applicable)
and—similar to the heritability analyses—for age and sex
(model 1), and additionally for height (model II), height
and intracranial volume (model III), and height and head
width (model IV). Genetic variants were filtered on study
level using imputation quality (INFO or r?) * number of
individuals * minor allele frequency > 5. A meta-analysis
of the results was performed in METAL (41), using an
inverse-variance weighted fixed-effects model with a SE
analysis scheme. After meta-analysis, genetic variants
were additionally filtered using the lowest imputation
quality (INFO or r?) * number of individuals s minor
allele frequency > 100. To assess differences in estimates
between the models, we performed Z-tests. For the main
analysis, we used P < 5 x 1078 as P-value threshold for sig-
nificance. We also performed 10000 permutations in the
UK Biobank sample to calculate the number of indepen-
dent tests across the four different models. This resulted
in a P-value threshold of P<3.3 x 1078 (5 x 107%/1.5)
to additionally adjust for multiple testing. The LDSC
software (40) was used to calculate the LDSC intercept
and ratio. These values can be used to assess whether
genomic inflation (A>1) can be attributed to a trait’s
polygenicity. When the LDSC intercept is close to one
or the LDSC ratio close to zero, the genomic inflation is
thought to be caused by polygenicity rather than popu-
lation stratification.

Replication

We replicated our results in a GWAS on facial shape
phenotypes (18). The assessment of facial shape mea-
sures in this dataset, including proxies of orbital
telorism, has been described previously (18). In short,
three-dimensional facial photographs were used to
extract 78 Eucledian distance variables from all possible
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combinations between 13 facial landmarks. To remove
variation due to shifting, rotation and scaling, GPA
was performed. In addition to the GPA scaling of the
phenotypes, GWAS analyses were adjusted for age, sex,
body mass index and if needed familial relationships
and principal components. This is most comparable to
our model III and IV, with body mass index as a proxy
for height and GPA as a proxy for intracranial volume
or head width. For the replication analysis in this facial
GWAS data set, we focused on facial width variables
and variables highly correlated (r?>0.6) with these
facial width distances. The eight available facial width
phenotypes were left alare-right alare; right cheilion-
left cheilion; left endocanthion-left exocanthion; left
endocanthion-right endocanthion; left endocanthion-
right exocanthion; left exocanthion-right endocanthion;
left exocanthion-right exocanthion; right endocanthion-
right exocanthion. The eight highly correlated pheno-
types were labiale inferius-left cheilion; labiale inferius—
right cheilion; labiale superius-left cheilion; labiale
superius-right cheilion; left alare-right exocanthion;
nasion-left exocanthion; nasion-right exocanthion; and
right alare-left exocanthion. The combined association
of the available genetic lead variants with these facial
shape metrics were assessed using the inverse-variance
weighting method implemented in the gtx package
inR.

To validate the replication results of the combined
associations of the lead variants, we performed two
sensitivity analyses. First, we were interested whether
our results were driven by the genetic variants that repli-
cated individually after multiple testing adjustments
(P <0.05/64), which we therefore excluded in the first
sensitivity analysis. Second, since the Rotterdam Study
was included in both the discovery and replication sam-
ple, we performed another sensitivity analysis excluding
the Rotterdam Study from the discovery GWAS meta-
analysis. We then extracted new lead variants based on
this GWAS meta-analysis excluding the Rotterdam Study
and repeated the same analysis.

Generalization

Orbital telorism is known to differ across ancestries
(26,27). Therefore, we were interested to see if these
differences could partially be explained by the differ-
ences in allele frequencies of the identified genetic
lead variants. We extracted the 1000 Genomes allele
frequencies of the identified genetic lead variants using
HaploReg version 4.1 (42). Based on the differences
between the GWAS allele frequencies and the 1000
Genomes allele frequencies, we calculated the overall
difference in the telorism population averages across
ancestries due to these genetic variants. To obtain this
overall population difference, we took the difference
in allele frequency between 1000 Genomes and the
GWAS, and multiplied this number by the GWAS effect
estimate.

Impact on craniofacial morphology

To assess whether the identified genetic variants are gen-
eral craniofacial variants or specific telorism variants,
we performed a look-up of variants in other craniofa-
cial GWAS (10-15,17-19,28,29). In addition, since previ-
ous studies have shown a link between the genetics of
cleft lip and palate with craniofacial morphology (30),
we also performed a look-up of significant variants in
previous GWAS investigating cleft lip or palate (43-57).
To calculate the number of independent genetic variants
tested, we clumped the genetic variants using PLINK 1.9
(58) with a LD r? threshold of 0.8 and a clumping window
of 250 kb. The P-value adjusted for multiple tested was
defined as 0.05 divided by the number of independent
genetic variants.

Enrichment and functional annotation

To investigate enrichment of the identified genes for
hypo- and hypertelorism and midline defects, we
extracted genes associated with clinical syndromes
manifesting with those symptoms using the OMIM
database (59). For hypotelorism, we used the search
term ‘hypotelorism’ OR ‘closely spaced eyes’; for hyper-
telorism, we used the search term ‘hypertelorism’ OR
‘widely spaced eyes’ OR ‘increased interocular distance’.
Additionally, we investigated the enrichment for genes
and midline abnormalities by adding respectively ‘cleft’
and ‘midline’ to the search term. Subsequently, we
took these genes overlapping with OMIM forward to
additional eQTL analyses, in order to assess which genes
might be causally related to telorism. For these different
searches, overlapping genes were manually curated to
prevent any false positive matches. We extracted eQTLs
using Genotype-Tissue Expression version 8 within
the Functional Mapping and Annotation of Genome-
Wide Association Studies (FUMA) software (60), and
an eQTL study of human osteoclast-like cell cultures
differentiated from peripheral blood mononuclear cells
available via the GEnetic Factors for OSteoporosis
Consortium (N =158) (36).

Application

In an independent sample of participants of the UK
Biobank, i.e. the fifth imaging data release, we tested
the applicability of the genetic findings for clinical use.
We created weighted PGSs of the model I findings using
PRSice-2 (61) with the default clumping parameters. P-
value thresholds were set at P<5 x 1078, P<5 x 1076,
P<5 x 107%, P <0.05 and P < 1. We then tested the pre-
dictive ability for hypo- and hypertelorism of these dif-
ferent PGSs. Hypo- and hypertelorism were defined as
more than respectively two standard deviations below
and above the sex-specific mean. As baseline models,
we created prediction models (1) only including age, (2)
including age and height and (3) including age, height
and intracranial volume. Receiver operating characteris-
tic curves with AUC were created and calculated using



the pROC R package (62). The MiXeR software (63) was
used to create a GWAS power plot, comparing orbital
telorism with high-density lipoprotein (64), height (65)
and educational attainment (66). To investigate the rela-
tion between GWAS sample size and discriminative abili-
ties of PGSs based on these GWAS results, we first created
10 random subsets of 5, 10, 15, 20 and 25 k individuals
from the UK Biobank. In these 50 random subsets of
individuals, we then performed GWAS on telorism as
described before. In the independent sample of the UK
Biobank, we then created PGSs based on these GWAS
results and calculated the average AUC for hypo- and
hypertelorism.

Supplementary Material

Supplementary Material is available at HMG online.
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