CORTEX I45 (2021)315—326

i <

232

LSEVIER

Journal homepage: www.elsevier.com/locate/cortex

Available online at www.sciencedirect.com

ScienceDirect

Behavioural Neurology

Neural correlates of orbital telorism R

Check for
updates

Mikolaj A. Pawlak “°, Maria J. Knol ¢, Meike W. Vernooij C’fi,
M.Arfan Ikram ¢, Hieab H.H. Adams "? and T.E. Evans >%"

& Department of Neurology and Cerebrovascular Disorders Poznan University of Medical Sciences, Poznan, Poland
b Department of Clinical Genetics, Erasmus MC, Rotterdam, CE, the Netherlands

¢ Department of Epidemiology, Erasmus MC, Rotterdam, CE, the Netherlands

d Department of Radiology and Nuclear Medicine, Erasmus MC, Rotterdam, CE, the Netherlands

ARTICLE INFO

Article history:

Received 8 March 2021

Reviewed 19 August 2021
Revised 30 August 2021
Accepted 1 October 2021

Action editor Brad Dickerson
Published online 22 October 2021

Keywords:
Orbital telorism
MRI

Cognition

VBM

ABSTRACT

Orbital telorism, the interocular distance, is clinically informative and in extremes is
considered a minor physical anomaly. While its extremes, hypo- and hypertelorism, have
been linked to disorders often related to cognitive ability, little is known about the neural
correlates of normal variation of telorism within the general population. We derived
measures of orbital telorism from cranial magnetic resonance imaging (MRI) by calculating
the distance between the eyeball center of gravity in two population-based datasets
(N = 5,653, N = 29,824; mean age 64.66, 63.75 years). This measure was found to be related
to grey matter tissue density within numerous regions of the brain, including, but sur-
prisingly not limited to, the frontal regions, in both positive and negative directions.
Additionally, telorism was related to several cognitive functions, such as Purdue pegboard
test (Beta, P-value (CI95%) —.02, 1.63 x 1077 (~.03:-.01)) and fluid intelligence (.02, 4.75 x 10°
(.01:0.02)), with some relationships driven by individuals with a smaller orbital telorism.
This is reflective of the higher prevalence of hypotelorism in developmental disorders,
specifically those that accompany lower cognitive lower functioning. This study suggests,
despite previous links only made in clinical extremes, that orbital telorism holds some
relation to structural brain development and cognitive function in the general population.
This relationship is likely driven by shared developmental periods.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Orbital telorism, the interocular distance, is a distinctive
craniofacial trait which also serves as a clinically informative

measure in its extremes. Orbital telorism is mainly deter-
mined in the embryonic period, driven by processes deter-
mining not only orbital telorism but other cranial features as
well. As a result, extremes in orbital telorism often co-occur
with other minor physical anomalies (MPAs). Pathways

Abbreviations: VBM, Voxel based morphometry; ICC, Intraclass correlation coefficient; LDST, Letter-digit substitution task; 15-WLT,
word learning tests; RE, right eye; LE, left eye; R, right; L, left; A, anterior; PL, posterior; S, superior.
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involved in embryonic development are commonly affected
by genetic syndromes, some of which have hypo- or hyper-
telorism as one of the characteristic features (Bearelly and
Oates, 2019; Dollfus and Verloes, 2004).

In addition to MPAs, learning difficulties and cognitive
limitations often accompany hypo- and hypertelorism. For
example, hypotelorism is more prevalent in autism, but,
notably this is more often observed in lower functioning
autistic individuals (Hardan et al., 2006; Rodier et al., 1997).
Similar rates of hypotelorism as that in autism are also
observed in those with developmental disabilities, suggest-
ing it is not specific to autism but more common in persons
with syndromes encompassing lower cognitive functioning
and/or more severe developmental delay (Miles and
Hillman, 2000; Rodier et al., 1997). Similarly, a higher prev-
alence of MPAs is reported within neurodevelopmental
disorders (Ismail et al., 2000; Trixler et al., 1997). This could
suggest that differences in brain development is also
evident, with similar mechanisms at play. The relationship
between telorism, brain structure and cognition along the
whole spectrum of function within the general population
is, however, not known.

To further elucidate the relationship between orbital
telorism, structural brain features, and cognitive perfor-
mance, we performed investigations into orbital telorism in
relation to brain- and skull structure, and cognition. We
investigated the relationship between orbital telorism, struc-
tural brain and skull measurements, and cognition.

2. Material and methods
2.1. Study populations

The current study included all participants without taking
into account any possible clinical diagnosis. Through this we
aimed to understand the dynamic of skull and brain growth in
the entire general population regardless of diagnosis. Below
we report how we determined our sample size, all data ex-
clusions, all inclusion/exclusion criteria, whether inclusion/
exclusion criteria were established prior to data analysis, all
manipulations, and all measures in the study.

2.1.1. UK Biobank

The UK Biobank is a population-based prospective cohort with
data collected at 23 research centres within the United
Kingdom (Miller et al., 2016; Sudlow et al., 2015). At the time of
analysis 32,115 persons from the total sample had available
T1-weighted magnetic resonance imaging (MRI) scans of
which 30,191 were useable for segmentation. Of 30,191 par-
ticipants with useable MRI scans 367 failed registration and
quality control. The mean age was 63.75 years, standard de-
viation (SD) 7.5 and women made up 52.2% of the sample.
Ethnicity was defined as Caucasian (0), and other (1) including
African, Asian, mixed and other classifications. The sample
was predominantly Caucasian (97.1%). The UK Biobank has
ethics approval from the North West Multi-Centre Research
Ethics Committee (MREC) and possesses a Human Tissue
Authority licence.

2.1.2. Rotterdam Study

The Rotterdam Study is a population-based prospective
cohort which started in 1990 in Rotterdam, the Netherlands
(Tkram et al., 2020). In 2006, MRI was included in the study
protocol (Ikram et al., 2015). At the time of analysis 5,642 had
available T2-weighted MRI scans. Of 5,642 participants with
useable MRI scans, 107 failed registration and quality control.
The mean age was 64.96 years (SD 10.9) and women made up
55% of the sample. Ethnicity was defined as Caucasian (0), and
other (1) including African, Asian, mixed classifications. The
sample was predominantly Caucasian (97.3%). The Rotterdam
study has been approved by the medical ethics committee of
Erasmus Medical Centre, and by the board of the Netherlands
Ministry of Health, Welfare and Sports.

2.2. Neuroimage acquisition

2.2.1. UK Biobank

Within the UK Biobank T2 scans were unavailable thus T1
weighted images were used. These T1-weighted images were
performed on 3T Siemens Skyra and a 32-channel head coil
across three imaging centers (Miller et al., 2016). The images
were collected using a sagittal 3D magnetization prepared-
rapid gradient echo sequence with slice thickness of 1 mm
(Alfaro-Almagro et al., 2018; Miller et al., 2016).

2.2.2. Rotterdam Study

Within the Rotterdam Study T1-weighted and T2-weighted
images were available. These were performed using a 1.5T
MRI scanner (GE Signa Excite, General Electric Healthcare,
Milwaukee, USA) with an 8-channel head coil (Ikram et al,,
2015). The T1 and T2 images were collected using a 3D GRE
and 2D sequences respectively with slice thickness’ of 1 mm
and 1.6 mm, respectively. Image acquisition parameters have
been previously described in detail (Ikram et al.,, 2015). A
subset of the participants (N = 85) were rescanned within 2—6
weeks after the first scan for reproducibility analysis.

2.3. Neuroimage processing

2.3.1. Orbital telorism and skull measurements

Image processing for orbital telorism was performed on T2-
weighted sequences, and if not available T1-weighted se-
quences were used. In short, advanced normalization tools
registration was performed between the native and standard
space (Montreal Neurological Institute(MNI) (Collins et al.,
1995; Fonov et al., 2009). 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 Euclidian
distance between the voxel coordinates in native space (Fig. 1).
The distances were manually checked if the distances, eye
mask coordinates or mean voxel intensity, were more than 2.5
SD away from the mean, this quality check was determined
prior to processing. Within manual quality control a single
reviewer (TEE) assessed if segmentations were unacceptable
due to all, or a substantial part, of the segmentation being
outside the orbital area. If deemed unacceptable these were
removed (<1% of total sample removed because of quality
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Fig. 1 — Orbital Telorism and Skull points: Methods. Measurements of orbital telorism and fiducial points. RE: right eye, LE:
left eye. Skull points- R: right, L: left, A: anterior, PL: posterior, S: superior. Turquoise depicting orbital telorism
(measurement from center of gravity of LE and RE). Red depicting head width (measurement from point L to R).

control). Due to a higher prevalence of hypo-telorism in neu-
rodevelopmental disorders, a non-linear relationship is
possible within the analyses, thus within this non-clinical
population we also created sex-specific hypo- and hyper-
telorism categories using —/+ 2 SD cut offs within each sample.

Similarly, a mask containing fiducial points on the inner
skull of the MNI template was also registered to native space
to extract skull measurements. In order to properly position
the inner skull fiducial points, we identified points at the inner
skull surface at the region of the temporal bone on a reference
computed tomography atlas co-registered to the MRI atlas file
(Rorden et al., 2012). Position of the fiducial points in the MNI
atlas was [xy,z]; Left [68.3103—30 -19.70263], Right
[-69.11019-30.69375 -19.70263], Superior [0—30 87], Anterior [0
73.91968 12.01424], and Posterior [0 -99.16595—15.6385]. Tem-
plate based measurements and fiducial point locations can be
seen in Fig. 1.

In a reproducibility set of 85 individuals from the Rotter-
dam Study we assessed the intraclass correlation coefficient
(ICC) for orbital telorism and fiducial points using repeat MRI.
The orbital telorism has shown a good reproducibility in the
reproducibility subset (N = 85), with ICC of .99 (95% confidence
interval (CI) .98:0.99). Skull measurements also showed a good
reproducibility (N = 85) with ICC of: Width, .98 (.97; 0.99),
Right-Superior, .86 (.79:0.91), Right-Anterior, .88 (.82:0.92),
Right-Posterior, .91 (.86:0.94), Left-Superior, .88 (.81:0.92, Left-
Anterior, .90 (.85:0.94), Left-Posterior, .90 (.85:0.94), Superior-
Anterior, .94 (.91:0.96), Superior-Posterior, .85 (.78:0.91)
Anterior-Posterior, .99 (.98:0.99).

In addition, for a subset of Rotterdam Study individuals
(N = 316) measurements of interpupillary distance via eye
examination was available. We compared these measure-
ments with our MRI derived orbital telorism measurements
since they should highly correlate. This showed a good cor-
relation with the measures of orbital telorism (ICC .84 (95% CI
0.80:0.87)).

2.3.2. Intracranial volume

2.3.2.1. UK Biosank. Grey matter tissue segmentation for
voxel-based morphometry (VBM) and intracranial volume
(ICV) was done through the FreeSurfer software recon seg-
mentation method within the UK Biobank (Fischl et al., 2002).

2.3.2.2. RorrerpaM StuDY. Within the Rotterdam Study MR
images were processed into grey matter, cerebrospinal fluid,
normal appearing white matter and white matter lesions
using an automated processing algorithm, as described before
(Tkram et al., 2015), these were summed for calculation of ICV.

2.4. Voxel based morphometry

To investigate the relation between orbital telorism and grey
matter tissue at a focal level to address subtle differences VBM
was used. VBM was performed according to a previous pro-
tocol (Good et al., 2001). Briefly, after tissue segmentation
using the above-mentioned processes FSL software was used
for VBM data processing (Fischl et al., 2002). All grey matter
density maps were registered (non-linear registration) to the
ICBM MNI152GM standard template (MNI (Evans and Brain
Development Cooperative, 2006; Fonov et al., 2009)) with a
1 x 1x1mm? resolution. Spatial modulation as used to avoid
differences in absolute grey matter volume due to registration
via multiplying voxel density values by the Jacobian de-
terminates estimated during spatial normalization. Lastly,
images were smoothed using a 3 mm isotropic Gaussian
kernel. The resulting grey matter density values are used
within the analysis.

2.5. Measures of cognition

2.5.1. UK Biobank

Cognition was measured using screen-based cognitive tests
within UK Biobank (Fawns-Ritchie and Deary, 2020). Education
was measured via years of education. The cognitive battery
included:

e Pairs matching task: Individuals were asked to memorise
the position of as many matching pairs of cards as possible.
The participant was then asked to recall these pairs when
the cards are faced down. The number of incorrect
matches were used. The data was skewed therefore was
log transformed before use in the analysis.

e Fluid intelligence test: Individuals had to solve as many
questions as possible from this 13-verbal logic/reasoning
type multiple choice questions within 2 min. Number of
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correct answers were used within the analysis. This mea-
sures the capacity to solve problems requiring logic and
reasoning ability.

Reaction time: This was assessed based on 12 rounds of the
card game ‘Snap’. The participant was shown 2 cards at the
same time and is to press a button as quickly as possible if
these cards are the same. The score used was the mean
response time across 4 trials, of 12, that contained
matching pairs.

Symbol digit switching task: This was used to assess
cognitive switching via presentation of a grid linking
symbols to single-digit numbers and a second grid con-
taining only the symbols. Using the first grid as a key the
individuals had to indicate the numbers attached to the
symbols in the second grid. For analysis the number of
correct symbol digit matches were used.

Trail making test: This was used to assess visual attention
by providing information on visual search, mental flexi-
bility, processing speed and executive function. In this task
individuals were presented with sets of digits and letters in
circles on a screen. The task is to connect the ascending
sequence of numbers (Trail A), or alternating letters and
numbers (Trail B). Time taken was used (log-transformed)
for the analysis.

2.5.2. Rotterdam Study

Cognitive tests within the Rotterdam Study were performed
during a centre visit (Hoogendam et al., 2014). Education was
recorded as years in education. The cognitive battery con-
sisted of:

e The Letter-digit substitution task (LDST): This required
individuals to make as many letter—digit combinations
within 60 s as possible. This measured processing speed
and attention switching.
The Purdue pegboard test: This was used to assess bilateral
fine manual dexterity. This was done using a pegboard
with two rows of 25 holes, individuals had to place as many
pins as possible in a prescribed order within 30 s. Trials
using both hands were used within this analysis with a
summary score calculated over 3 attempts.
Stroop tests (abbreviated form): These tests consist of
reading, colour naming and interference tests consisting of
naming printed words, naming printed colours and
naming the colour in which a colour-name is printed,
respectively. This measured attention switching and
cognitive interference. Lower scores on Stroop tests indi-
cate a better score.
The word learning tests (15-WLT): This was used to test
memory and is based on Rey's auditory recall of words.
Individuals were presented with 15 words and asked to
recall as many as possible immediately after (immediate
test), and 15 min later (delayed test). Additionally, recog-
nition memory was assessed via these words being pre-
sented with a further 30 words with participants having to
identify the original words. Correct scores were used for
the analysis.
e Word fluency test: Participants were asked to name as
many animals as possible within 60 s. Total number of

correct animals named were used for the analysis. This
measured symbolic verbal fluency.

2.6. Statistical analysis

Linear regressions were fitted to assess the relation between
orbital telorism and skull measurements. For skull analysis,
models were adjusted for age, sex, and ethnicity, with Model II
additionally adjusted for ICV. Within VBM analysis, linear
regression models were fitted with voxel values of grey matter
modulation density as the dependent variable and orbital
telorism value/group membership (hypo-or hypertelorism) as
independent variables, adjusting for age, sex, ethnicity, and
head width. Previous permutation testing was carried out to
compute a corrected P value of 2.99 x 10~ for VBM analysis
(Roshchupkin et al., 2016). The results from the Rotterdam
Study and UK Biobank were meta-analysed using a fixed ef-
fects meta-analysis for each voxel. Additionally, linear re-
gressions were fitted to assess the relation between orbital
telorism and hypo- and hypertelorism classifications, and
cognition. For the cognition analysis an adjusted threshold of
.00051 was used based on permutation analysis. Models were
adjusted for: Model I age, sex, and ethnicity, Model II plus
education (years), and Model III plus head width. No part of
the study analyses was pre-registered prior to the research
being conducted. We report how we determined our sample
size, all data exclusions, all inclusion/exclusion criteria,
whether inclusion/exclusion criteria were established prior to
data analysis, all manipulations, and all measures in the
study.

3. Results
3.1. Descriptive characteristics

We included 35,459 middle-aged and elderly participants the
UK Biobank (N = 29,824) and from the Rotterdam Study
(N = 5,535). Descriptive information about these studies,
including population characteristics, cognitive tests are pre-
sented in appendix A.1-3. When characterizing hypo- and
hypertelorism via sex specific —/+ 2 SD this resulted 1.9% and
2.8% for UK Biobank, and in 1.6% and 3.3% for the Rotterdam
Study, for hypo- and hypertelorism groups respectively.

3.2. Skull relations to orbital telorism

Subsequently, we aimed to determine the relationship be-
tween skull measurements and orbital telorism. Orbital
telorism was significantly related to all measures of the skull
that were extracted in a positive direction, however many
relationships attenuated after adjustment for ICV within the
Rotterdam study (Fig. 2, Appendix A.4). This attenuation was
observed marginally within the UK Biobank sample however
the relationships remained significant.

3.3. VBM

When the two samples VBM results were meta-analyzed
(Fig. 3, Appendix A.S) the strongest positive associations of
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Fig. 2 — Association between Orbital Telorism distance and skull measurements. Colour intensity and number scale
represents t value. Model 1; age, sex, ethnicity (white/non) Model 2: additionally, adjusted for ICV. P values: ***<.0051, **,
P<.01, *<.05. NOTE: Range of t values differ for panel a (0:70) and b (-2:20).
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Fig. 3 — Telorism VBM Meta-analysis results over the Rotterdam Study and UK Biobank. Heat map and colour bar represent t
values to the significance threshold. Red indicates positive direction, blue indicates negative directions. Model I (a) adjusted
for age, sex, ethnicity, Model II (b) additionally adjusted for head width.

orbital telorism with grey matter density (adjusting for age,
sex and ethnicity) were in the medial orbital gyrus (number of
significant voxels, lowest P value) (left; 4816, 4.28 x 107 '¢%
right; 3726, 1.13 x 10 %), straight gyrus (left; 4544,
1.92 x 10788 right, 5248, 1.34 x 1072%) and the subgenual
anterior cingulate gyrus (left; 1144, 7.7 x 107'**, right; 1337,

2.54 x 107'°). The strongest primarily negative associations
were found in the amygdala (left; 1204, 4.07 x 10~**, right,
1307, 5.11 x 10~%%). Regions that displayed strong positive and
negative relations were (number of significant voxels positive
and negative, lowest P value) right superior frontal gyrus (8070
and 2469, 4.79 x 1072'?) and the middle frontal gyrus (left;
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10815 and 1351, 3.14 x 107'%,
1.45 x 1072%%),

When additionally adjusting for head width, similar re-
lations were seen, albeit with generally smaller voxel clusters
and more significant relations (Fig. 3, Appendix A.5). However,
adjusting for head width did appear to attenuate many
negative clusters. For example, the strongest positive associ-
ations of orbital telorism with grey matter density were found
in medial orbital gyrus (left; 5561, 4.3 x 107, right; 4937,
3.4 x 107%%), straight gyrus (left; 4819, 2.2 x 103, right; 5640,
7.5 x 107%’") and the subgenual anterior cingulate gyrus (left;
1160, 2.4 x 10~ right; 1309, 3.7 x 10 ?*%). The strongest
negative associations of orbital telorism with grey matter
density were found in the amygdala (left 1091, 1.7 x 1072,
right, 1231, 3.0 x 10.s3) and medial and inferior temporal gyri
(left; 9633, 1.8 x 10 %, right; 7074, 9.9 x 10 °?). Regions that
displayed strong positive and negative relations were superior
frontal gyrus (positive and negative) (left; 5689 and 319,
2.6 x 107*®, right; 8001 and 1107, 1.4 x 107%*°), the middle
frontal gyrus (left: 2849 and 1368, 2.8 x 10~'%2, right; 2002 and
1424, 2.4 x 10~2*?), anterior orbital gyrus (left; 2045 and 1357,
1.3 x 107%, right; 1745 and 1115, 9.9 x 107'%) and the left
insula (5712 and 1204, 2.9 x 10~>°).

In the hypo- and hypertelorism VBM, similar clusters were
seen (Model II) with the strongest positive associations re-
ported in the straight gyrus and the medial orbital gyrus, and
negative associations within the medial and inferior temporal
gyri (Appendix B.1. a—b). Negative associations that were seen
between continuous orbital telorism measures and posterior
temporal lobe and the superior parietal gyrus were also seen
within the hypertelorism analysis, however this cluster was
much smaller or non-existent in the hypotelorism analysis. A
full break down of the meta-analysis and sample specific re-
sults can be found in Appendix A.5-6.

right; 7303 and 1017,

3.4. Cognition

Orbital telorism was found to be associated to measurements
of manual dexterity, fluid intelligence, fluency and visual
attention, and task switching.

Within the UK Biobank higher scores of fluid intelligence
was related to increasing orbital telorism measurements in
Model III (.03 (.01:0.02)) (Fig. 4a), however this was driven by
the lower measurements of orbital telorism as seen when
classifying the groups (hypotelorism, Model I; —.16 (—.29:-.02))
which also attenuated when adjusting for head width (Fig. 5b).
Furthermore, when classified into subgroups hypotelorism
was also related to worse functioning on the trail making test,
subtest B (Model II, .15 (.06:0.24) (Fig. 4b) this relationship
attenuated to below the adjusted significance threshold after
further adjustment for head width (Model III) (.11 (.02:0.20)
(P < .05). Full results can be seen in Appendix A.7-10.

Within the Rotterdam Study, relations between continuous
measures of orbital telorism and the Purdue pegboard test
were found with higher telorism measurements related to
lower test scores (Beta (CI95%)) (Model III, —.02 (—.03:-.01)
(Fig. 5a). Additionally, when classifying the measurements
into hypo- and hypertelorism, classification of hypotelorism
was associated to lower scores of word fluency (Model I, —.32
(—.53:-.11)) (Fig. 5b). However this attenuated after adjusting

for education and head width (Model III, —.29 (—.50:-.08))
(P < .05). A similar relationship was not observed in those
within the hypertelorism group (Model I, —.02 (-.17:0.12)).

4, Discussion

Due to the higher prevalence of clinical extremes of orbital
telorism within those with developmental disabilities, we
studied if orbital telorism, brain structure and cognition dis-
played a relationship within the general population. We
identified skull measurements, and cortical and subcortical
structures related to orbital telorism beyond the regions
located closely to the orbits. We also found that orbital telor-
ism is related to performance in multiple cognitive tests, such
as fluid intelligence, independent of head width, in a large
population-based sample.

Skull structure is a highly conservative and complex
structure. We anticipated that skull shape measurements
derived from fiducial points located in the inner surface of the
skull will have close relationship to the orbital telorism. This
was indeed the case, with the strongest relationships unsur-
prisingly found with the anterior part of the skull. Across the
skull measurements, relationships to orbital telorism were
not uniform, with the other measurements, such as those
connected to the superior part of the skull, found to be much
weaker.

The mechanisms that control gradual brain and skull
growth during early development are carefully timed and
controlled through growth factors (Scott, 1957). Skull growth
dynamics are precise enough that the orbital telorism has
been proposed as a marker of foetal age (Velasco-Annis et al,,
2015). Growth can be altered by a multitude of environmental
factors, for example through fibroblast growth factor 2 inter-
acting with the family of glypicans belonging to cell surface
heparan sulfate proteoglycans (Jen et al., 2009), and modu-
lated by genetic influence, like the modulators of Sonic
Hedgehog pathway (Lipinski et al., 2014) leading to final
interocular distance in the course of development. Addition-
ally, presence of certain alkaloids in the diet during early brain
development has been found to alter the signalling and in-
fluence the growth of the brain and interocular distance
(Lipinski et al., 2007). These shared mechanisms influencing
brain and skull growth result in the timing, dynamic and
regional variability of skull growth being tightly linked to brain
development.

Within the current study, we found orbital telorism and
regional volume of brain structures to be related even after
controlling for head width (as a proxy for skull development),
which might indicate that exposure to FGF2 signalling and
Shh pathway has differential influence over early develop-
ment of subcortical regions. Unsurprisingly, the brain regions
located closely to the orbits were highly positively related to
the orbital telorism distance. That indicates the dependence
of brain structure volume and the shape on the intracranial
space is possibly defined by anterior regions of the cranial
cavity. We also identified several negative relationships be-
tween the interorbital distance and areas of subcortical and
posterior brain regions. Examples of these negative relation-
ships are between orbital telorism and the amygdala and the
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Fig. 4 — Association between Orbital Telorism distance and cognitive tests in the Rotterdam Study. Figure depicts full
sample (a), grouped analysis (b- Left, Hypertelorism, Right, Hypotelorism). Model I Age + sex + ethnicity, Model II +
Education, Model III + Head width. Reaction time and trail making tasks are in the inverse direction where a higher score
indicates a worse function. P values: ***<.0051, **, P<.01, *<.05. Trail making tasks are log transformed (In).

hippocampus. This suggests that a shorter orbital telorism
distance is related to a larger amygdala and hippocampus.
Whilst research is inconsistent regarding amygdala and hip-
pocampal volume in those with neurodevelopmental disor-
ders (Haznedar et al., 2000; Howard et al., 2000; Pierce et al.,
2001; Schumann et al., 2004; Sparks et al., 2002), a larger
amygdala has previously been noted to be associated with

neurological and neuropsychiatric disorders, such as major
depressive disorder (Juranek et al., 2006; Romanczuk-Seiferth
et al., 2014). Furthermore, the amygdala and hippocampus are
suggested to be functionally abnormal and have an abnormal
structure in autism and other neurodevelopmental disorders,
disorders that additionally have a higher prevalence of orbital
hypotelorism (Di Martino and Castellanos, 2003; Schumann


https://doi.org/10.1016/j.cortex.2021.10.003
https://doi.org/10.1016/j.cortex.2021.10.003

CORTEX I45 (2021)315—326 323

a)
N 9 I s
LDST
6.4
Stroop Readin

P ing -

Stroop Naming 45

Stroop Interference 16

Word Fluency Task = = 0

WLT -Immediate 16

WLT -Delayed 32

4.8

Perdue Pegboard Test . - .
6.4
WLT -Recognition
-8
b)
K v ) N v bie) 8
LDST
6.4
Stroop Reading W
Stroop Naming g2
Stroop Interference 16
Word Fluency Task i | | 0
WLT -Immediate ~1.6
WLT -Delayed 92
4.8
Perdue Pegboard Test = * o * wh o wk

6.4

WLT -Recognition

-8
Fig. 5 — Association between Orbital Telorism distance and
cognitive tests in UK Biobank. Figure depicts full sample
(a), grouped analysis (b- Left, Hypertelorism, Right,
Hypotelorism). Model I Age + sex + ethnicity, Model II +
Education, Model III + Head width. Stroop relations are in
the inverse direction where a higher score indicates a
worse function. P values: ***<.0051, **, P<.01, *<.05. LDST;
Letter digit substitution task, WLT; Word learning task.

et al., 2011). Possible explanations for these negative findings
are that these structures develop during periods also impor-
tant for skull changes and the movement of the orbital bones
where the angle between the orbits decreases. Limited and
restricted growth and reduced perfusion could impact specific
regions within specific developmental periods. Additionally,
negative relationships may also be present due to compen-
sation from larger previously developed areas. Whilst foetal
MRI is still in relatively early stages, understanding the co-
occurrence of normal and abnormal development of brain
structures and skull formation would be deeply interesting to
further understand pathways involved.

The thalamus also displayed negative relations, but this
was also accompanied by positive clusters within the
reasonably large subcortical structure. This would be inter-
esting to further investigate a more functionally parcellated
segmentation of the thalamus to understand the differences
in these clusters and how this relates to developmental
pathways. The corpus callosum also displayed both negative
and positive clusters within the VBM analysis. This vital
structure is involved within the visual and motor system,
interhemispheric connectivity and is also involved in regula-
tion of emotional and cognitive functions (Rademaker et al,;
Gooijers et al.,, 2013; Anderson et al., 2017; Serbruyns et al,,
2015). Previous studies identified abnormal morphology of
the corpus callosum in neuropsychiatric disorders such as
obsessive-compulsive disorder (Di Paola et al., 2013; Lopez
et al.,, 2013; Middleton and Strick, 2000; Schmahmann, 2004).
We hypothesize that the genes responsible for early brain
development might play a significant role in neuropsychiatric
disorders. More research investigating this relationship
within clinical samples and into possible biological pathways
that could be involved in development of these structures is
needed.

Since we identified specific brain regions associated with
orbital telorism, we additionally were interested to see
whether this trait was also related to cognitive function.
Despite minor physical anomalies, such as clinical classifica-
tions of hypotelorism, being reported to have higher preva-
lence in neurodevelopmental disorders, the relationship
between normal variation in orbital telorism and cognition
was not yet studied. The current study finds links between
normal variation of orbital telorism and cognition within the
normal population. One drawback, however, of the current
study is the lack of correspondence between the cognitive
tasks within the two included samples, hindering the ability to
compare and meta-analyse. Despite this, they do give insight
into a wider range of cognitive functions than either alone.

The study found multiple relations between orbital telor-
ism and cognitive ability, with some observations appearing
to be driven by the hypotelorism end of the spectrum. Firstly,
an association between motor function and orbital telorism
was seen. The association between the Purdue pegboard test
performance and orbital telorism within the Rotterdam Study
sample was initially surprising. This test is mainly used to
investigate manual dexterity; however, it is also possible other
factors may be driving this relationship. The task involves
spatial perception to be able to efficiently move the pieces into
the correct locations. This relation could be driven by the
worsening of vision system features that enable spatial
perception as the orbital telorism distance increases for this
task. We also think that the relationship might be linked to
development of motor coordination and interhemispheric
communication and visual processing speed (Rademaker
etal.; Gooijers et al., 2013; Jeeves et al., 1988). This is suggested
due to the relationship of the corpus callosum with visual and
motor tasks previously indicated, a structure also associated
to orbital telorism within the current VBM analysis.

When investigating the extremes of the sample, the
hypotelorism group was also found to have worse scores on
word fluency, a relationship not seen in the continuous
analysis. This test is also related to worse function in
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individuals with neurodevelopmental disorders, further un-
derlying the link between neurodevelopmental dysfunction
and hypotelorism, even in the extremes of normal within the
general population (Ismail et al., 2000; Trixler et al., 1997).

Further investigations into the relationship between
orbital telorism and cognition within the UK Biobank provide
further support for the relationship between orbital telorism
and cognition. The main results from this investigation indi-
cate that orbital telorism is positively related to fluid intelli-
gence. Previous research has indicated that the prefrontal and
parietal regions are important for fluid intelligence, these re-
gions were also implicated within the orbital telorism VBM
and could be directly linked to the development of these brain
regions and skull morphology. Furthermore, the relationship
to a larger orbital telorism and fluid intelligence is further
supported by the prevalence of hypotelorism being higher in
low-functioning individuals with autism and those with
developmental delay (Miles and Hillman, 2000; Rodier et al.,
1997). These results suggest that this relationship between
orbital telorism, possibly in this aspect a proxy of skull and
brain development, and cognition can also be found within
the general population, albeit on a smaller, and less clinically
relevant, scale.

Telorism is reported to differ across different ethnic groups
(Pivnick et al., 1999; Pryor, 1969). Genetic underpinnings of
skull and facial morphology have been studied providing the
grounding for these differences. Despite this, the current
study does not include a wildly diverse sample demographic,
with both samples from European regions, with a predomi-
nantly white background, thus limiting the generalizability of
the current results. Despite this the method can be easily used
within further samples in the future, and also possibly
adapted to be applied to other modalities such as computed
tomography scans for wider use.

The current study is the first comprehensive investigation
into the neuronal correlates of orbital telorism. In addition to
this, the study's strengths lie in its large sample and use of the
best available robust method of extracting orbital telorism
from structural imaging given the lack of face photograph or
calibrated face scan. Additionally, the methods used are based
on open-source software and thus can be replicated on
various other datasets that include face on the MRI. For
example, a lot of international samples include MRI thus this
can therefore be widely applied on existing data without the
need to create new facial photographs. Despite this, orbital
telorism derived from MRI is not the gold standard for this
area. However, the method was reported to show good cor-
relation with manual measurements. Furthermore, MRI has
the additional quality of not being affected by amblyopia, thus
focusing on the measurement of the centre of the orbit and
not the pupil.

In conclusion, this study provides various insights into the
neural correlate relations to orbital telorism. The study high-
lights positive, but also negative relations for orbital telorism
with subcortical brain structures and cognition in the general
population that could be implicated within neuro-
developmental disorders. Further studies into clinical sam-
ples, such as neurodevelopmental samples, and more diverse
samples, is needed to further investigate the relations be-
tween orbital telorism, cortical and subcortical brain regions

and cognition and the use of orbital telorism as a useful
biomarker.
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