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Abstract: Preterm births are often associated with neurodevelopmental impairment. In the critical
developmental period of the fetal brain, preterm birth disrupts cortical maturation. Notably,
preterm birth leads to alterations in the fronto-striatal and temporal lobes and the limbic region.
Recent advances in MRI acquisition and analysis methods have revealed an integrated approach to
the genetic influence on brain structure. Based on imaging studies, we hypothesized that the altered
cortical structure observed after preterm birth is associated with common genetic variations. We
found that the presence of the minor allele at 151042778 in OXTR was associated with reduced
curvature in the right medial orbitofrontal gyrus (p < 0.001). The presence of the minor allele at
rs174576 in FADS?2 (p < 0.001) or rs740603 in COMT (p < 0.001) was related to reduced curvature in
the left posterior cingulate gyrus. This study provides biological insight into altered cortical
curvature at term-equivalent age, suggesting that the common genetic variations related to autism
spectrum disorder (ASD) and lipid metabolism may mediate vulnerability to early cortical

dysmaturation in preterm infants.

Keywords: preterm; imaging genetics; common variation; OXTR; FADS2; COMT; M-CRIB-S

1. Introduction

Preterm delivery accounts for 11% of all births [1] and is associated with
neurodevelopmental impairment [2]. Preterm infants exhibit abnormal structural and
functional brain development, reflecting a high risk of long-term neurocognitive
problems. Preterm birth can affect cortical development and is linked to vulnerability to
neuropsychiatric disorders, characterized by cognitive deficits in later life [3].

Preterm birth disrupts cortical maturation during the critical period of fetal brain
growth [4]. In normal development, the interaction between the faster tangential growth
of the cortex and the underlying white-matter core contributes to local changes in the
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gyrification and sulcation patterns of the cerebral cortex [5]. The prenatal and postnatal
periods of brain development, with an extensive period of synaptic modulation and
pruning, are observed throughout the first year of life [6]. As very preterm infants are
born during the course of cortical development, they are vulnerable to dysmaturation in
specific cortical regions. To better understand the role of various factors in altered cortical
development in preterm infants, it is important to understand the maturational features
of the cortical index, such as volume [7], thickness [8], and curvature [9]. Compared with
controls, the brain volumes of preterm infants displayed global reductions [10]. The
thickness [8] and curvature [11,12] of the cortex are biomarkers of neurological health, and
both increases and decreases are observed in individuals born very preterm. However,
the studies reported different results, depending on the local area of the brain; therefore,
local alterations to the cortex must be considered to identify preterm infants’ cerebral
development.

Our previous study [13] proposed that preterm births were associated with altered
lateralization of the fronto-limbic circuitry, reflecting deficits in functional specialization
in specific regions rather than deficits in the global brain network. Notably, preterm birth
leads to alterations in the fronto-striatal and temporal lobes, and the development of the
limbic region takes place in a critical period of fetal brain development. The fronto-limbic
pathway primarily consists of the orbitofrontal, the anterior cingulate, insula, and limbic
regions, including the amygdala and hippocampus, which is known as the brain’s
affective network, underlying the processing and regulation of emotions [14-16]. The
impact of prematurity on cerebral development and damage has been extensively studied
using magnetic resonance imaging (MRI) [17], which provides sensitive assessments of
abnormal morphology and microstructure that correspond with neurodevelopmental
outcomes [18,19]. Recent advances in MRI acquisition and analysis methods have opened
possibilities for the diagnosis of neurological diseases and disorders based on
abnormalities in cortical morphology, revealing an integrated approach to the genetic
influence on brain structure [20]. In particular, the susceptibility to cerebral abnormalities
is likely to be modulated by the combined effects of multiple genes of individual and
environmental factors [21] during pregnancy and the early postnatal period [22]. Altered
cerebral development in preterm infants is associated with environmental stress and
cerebral endophenotypes [23]. An endophenotype, an intermediate phenotype between
genotypes and phenotypes, is a quantitative trait [24] related to the root cause of a disease
[25,26]. The molecular and cellular mechanisms involved are not well known, but new
approaches have made it possible to investigate the relationship between common genetic
influences and brain endophenotypes [27]. In molecular genetic studies, the use of brain
structural measures as endophenotypic biomarkers would clarify the pathophysiology of
major psychiatric disorders.

In our previous study, using nationwide birth cohort data, we found that preterm
birth is a significant risk factor for autism spectrum disorder (ASD), which is characterized
by impaired social communication and restricted/repetitive behavior [28,29]. However,
important questions also remain regarding the contribution of genetic factors to the link
between neurodevelopmental delay and preterm birth. Although spontaneous preterm
birth is a multifactorial condition, an individual’s genetic variation affects susceptibility
and prognosis in prematurity-related disease after preterm birth. The cortex is particularly
involved in genetically driven processes, and the expression of specific growth factors,
such as oxytocin receptor (OXTR) [30], fatty acid desaturase 2 (FADSZ2) [31], and catechol-
o-methyltransferase (COMT) gene [32], plays a crucial role in driving cortical
development. Therefore, the single-nucleotide polymorphisms (SNP) in the OXTR,
FADS2, and COMT genes, which modulate lipid metabolism and the risk of cerebral
abnormalities, might affect cortical development in preterm infants.

These genes were selected because of previous studies related to prefrontal brain
function and social/behavioral dysfunction, which is linked to psychiatric disorders,
including ASD [33-35] and schizophrenia [36-38]. We aimed to provide insight into the
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genetic influence on brain development to identify infants with an inherent vulnerability
to reduced development of the cerebral cortex after preterm birth. Based on previous
findings on the genetic impact on developmental processes in the cortex [30-32], we
hypothesized that the altered cortical structure observed after preterm birth is associated
with common genetic variations involved in ASD and lipid metabolism.

2. Materials and Methods
2.1. Study Design and Participants

In this study, we included only subjects of Korean descent to minimize the effects of
ethnicity on population stratification. In accordance with the World Health Organization
(WHO), we defined preterm birth as any birth before 37 complete weeks of gestation and
subdivided them based on gestational age (GA): very preterm (28 -< 32 weeks) and late
preterm (32 —< 37 complete weeks of gestation) [39,40]. This study included a routine brain
MRI at term-equivalent age (TEA) for 14 very preterm infants (GA < 32 weeks) from the
neonatal intensive care unit of Hanyang University Seoul Hospital. Since preterm infants
are at higher risk of developing intracranial hemorrhage or ischemia, routine MRI was
used as standard practice as part of a routine screening to detect acquired lesions
associated with prematurity. The 29 late preterm infants (GA between 32 and 37 weeks)
were recruited from a prospective observational cohort study involving postnatal follow-
up of preterm infants who were admitted to the neonatal intensive care unit of Hanyang
University Seoul Hospital, where brain MRI for late preterm TEA is a part of our follow-
up program. All preterm infants (14 very preterm and 29 late preterm) visited the
Hanyang Inclusive Clinic for Developmental Disorders in Hanyang University between
August 2018 and December 2020. We excluded 13 preterm infants with major
chromosomal anomalies (1 = 0), congenital malformations (n =0), and intrauterine growth
restriction (IUGR) (n = 0), as well as those with evidence of visible brain injury (n =4) and
those whose imaging was of quality due to motion artifacts (1 = 9). The selected infants
were prospectively enrolled as part of the Medicine Engineering Bio Research Project at
the Hanyang Inclusive Clinic for Developmental Disorders, and their parents consented
to DNA collection. Six term-born neonates were selected from a prior prospective cohort
of controls who underwent MRI in the neonatal period, recruited as part of preterm
studies [13], and whose parents consented to the collection of DNA at Hanyang University
Medical Center Pediatrics Department.

2.2. Genotyping

We collected genetic data for twenty-six infants (nine very preterm infants, <32
weeks; eleven preterm infants, 32-37 weeks; and six term-born infants, >37 weeks of
gestational age). Single-nucleotide polymorphism (SNP) array analyses were performed
on DNA samples from 26 subjects and divided into the preterm and control groups. Each
group was divided into two groups based on the existence of the minor allele, allowing a
comparison of minor homozygotes or heterozygotes with major allele homozygotes, and
the allelic and genotypic frequencies of polymorphisms between the preterm and control
groups were compared. Nine nucleotide polymorphisms from OXTR, FADS2, and COMT
were used to assess the relationship between brain volume, thickness or curvature, and
genotype.

Normalized bead-intensity data obtained for each sample were loaded into Beeline
or AutoConvert s/w software (Illumina, San Diego, CA, USA), which converted
fluorescence intensities into SNP genotypes. To identify and cluster genotypes, each SNP
was analyzed independently. Comparing those in the supplied cluster file (*.egt) with
experimental data, genotype calls were generated. Over 100 samples were used to create
a standard cluster from the Caucasian (CEU), Asian (CHB + JPT), and Yoruban (YRI)
HapMap populations, which should have incorporated most of the genetic diversity in
these populations. In general, the genetic diversity of the samples was well represented
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by the standard cluster file. Thus, genotypes were automatically clustered using a
standard cluster file. In some cases, the sample intensities might not have overlapped
perfectly with the standard cluster position. In these cases, we reclustered some or all SNP
to optimize the genotype calling. Genotype calls were extracted using the Illumina
BeadArray Files library. Nine SNPs for OXTR, FADS2, and COMT were extracted for this
study, and all SNPs significantly deviated from the Hardy—Weinberg equilibrium (Table
1).

Table 1. Allele frequencies, coding information, linkage disequilibrium details, and location of SNP.

Hardy-
Gene SNP Name Chromosome Coor?h.nate Source Variant East Asian We.n‘lbe?rg Gen.e
(Position) MAF Equilibrium Location
Unaffected, P
OXTR 151042778 3 8794545 dbSNP 153 G/T 0.093 1.000 3'UTR
OXTR  rs2268493 3 8800840 dbSNP 153 T/C 0.210 1.000 Intron
OXTR rs53576 3 8804371 dbSNP 153 A/G 0.419 1.000 Intron
FADS2  1s174570 11 61597212 dbSNP 153 C/T 0.387 1.000 Intron
FADS2  rs174576 11 61603510 dbSNP 153 C/A 0.556 0.857 Intron
FADS2  rs498793 11 61624705 dbSNP 153 C/T 0.107 1.000 Intron
COMT  rs740603 22 19945177 dbSNP 153 A/G 0.426 1.000 Intron
COMT  rs165774 22 19952561 dbSNP 153 G/A 0.149 0.797 Intron
COMT  rs174696 22 19953176 dbSNP 153 C/T 0.422 1.000 Intron

SNP, single-nucleotide polymorphism; OXTR, oxytocin receptor; FADS2, fatty acid desaturase 2;
COMT, catechol-o-methyltransferase.

2.3. MRI Scanning Procedure

According to the institutional neonatal MRI guidelines for scanning methods, we
obtained MRI scans of all infants [19,41,42]. The timing of the MRI scans was scheduled
according to the infants’ nap times, ranging from 20 to 30 min. We did not use a sedative
drug because preterm newborns are at risk of respiratory instability, including
physiological changes, equipment compatibility, and acoustic noise during MRI scanning.
We used earplugs, headphones, or wrap techniques to circumvent these. The attending
physician conducted a detailed review of the medical history and a physical examination.
Every 5 min, the vital signs and cardiorespiratory conditions were recorded. Parents were
informed about the MRI process at TEA.

2.4. MRI Acquisitions

The preterm and control groups underwent whole-body 3T MRI (Philips, Achieva,
16-channel phase-array head coil, Best, Netherlands) at near-term ages during natural
sleep with a blanket to maintain body temperature. An experienced pediatrician
monitored the pulse oximeter to ensure the respiration rate and heart rate during the MRI
scan. The parameters of the T2 scan were as follows: slice numbers = 25, slice thickness =
3, voxel sizes = 0.5 x 0.5 mm?, field of view (FOV) =180 x 180 mm?, repetition time (ITR) =
4800 ms, time to echo (TE) = 90 ms, flip angle = 90 degrees, number of average = 1, water-
fat shift = 4.68 Hz/pixel, and total acquisition time = 6 min 30 s. Among the acquired MRI
data, only the area presented in Figure 1 was used for analysis.
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Figure 1. The regions of the brain curvature that we observed.

2.5. Image Processing

A commonly used labeling atlas in children and adults is the Desikan—Killiany-
Tourville (DKT) atlas [43]. However, compared to the adult brain, the tissue signal
intensities of the cortical surfaces of neonates with rapid brain development show
different MRI sequences according to age. We used Melbourne Children’s Regional Infant
Brain Atlases (M-CRIB-S), which constructed a labeling atlas using T2-weighted images
that provide higher tissue contrast in neonates, to examine the automatic segmentation of
cortical and subcortical brain areas and extract cortical surfaces [44]. M-CRIB-S is useful
for detecting regional alterations in gray matter to reveal the impact of genotype effects
on the structural architecture of neural substrates for neurodevelopmental impairment
after premature birth. The overall flowchart for image processing and reconstruction of
the cortical surfaces is presented in Figure 2. To improve the low-frequency intensity
inhomogeneity, bias filed estimation was performed from the T2-weighted images using
improved N3 bias correction (N4ITK) [45]. The brain extraction tool (BET) was applied to
remove the skull and nonbrain tissue: Each T2-weighted image was non-linearly
registered to multiple pre-labeled images automatically using the Developing Brain
Region Annotation With Expectation-Maximization (DrawEM) software package [46],
and segmented into cerebral gray and white matter, cerebellum, and subcortical
structures. The deformable module of Medical Image Registration ToolKit (MIRTK)
(https://github.com/BioMedIA/MIRTK) was used to extract the outer and inner outlines
of the cortical surfaces. FreeSurfer tools (https://surfer.nmr.mgh.harvard.edu) [47], which
include linear and nonlinear registration, were used to reconstruct inflated and spherical
surfaces. The inflated surfaces showed the same overall shape features as when FreeSurfer
was run on adult brain images. The volumetric M-CRIB-S (DKT) labels were projected
onto the corresponding vertices of the white-matter surfaces using the nearest labeled
neighbor projection and parcelated on each T2-weighted image.
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of the T2-weighted image; (iv) automatically segmented regions (cerebral gray and white matter,
cerebellum, and subcortical gray matter); (v) extracted cortical surfaces. The left panel exhibits outer
(yellow), and inner (red) cortical surfaces overlaid onto the native image. The right-top and right-
bottom panels show a lateral view of the left hemisphere outer and inner surfaces; (vi) inflated and
the spherical surfaces of the white-matter surfaces; (vii) automated gyral parcelation using the M-
CRIB-S neonate atlas.

2.6. Neurodevelopmental Assessment

The Korean Developmental Screening Test for Newborns and Children (K-DST),
created in September 2014 by the Korean Pediatric Society and presided over by the
Korean Standard Classification of Diseases (KCD) [48], was used to examine the infants’
neurodevelopment. The K-DST was developed and modified to detect probable
developmental delays by considering the culture and newborn care environment in Korea
[49]. The K-DST consists of questionnaires for six domains (gross motor function, fine
motor function, cognition, language, social interaction, and self-help). Because self-help
ability emerges after a certain developmental stage, it is tested from the age of 18 months,
and was not measured in this study. The total score of each domain was assigned to one
of the following four: higher than peer-level (=1 SD), peer-level (<1 SD and >-1 SD), follow-
up evaluation is recommended (<-1 SD and >-2 SD), and detailed evaluation is warranted
(<=2 SD).

2.7. Statistical Analysis

The t-tests on continuous variables and X? tests on categorical variables were
performed to determine the statistical significance of the differences between the preterm
and control groups. We calculated global cortical thickness, average absolute mean
curvature, and global cortical volume in the left and right hemispheres. We also measured
the regional cortical thickness and mean curvature of the fronto-limbic pathway. We used
the false discovery rate (FDR) correction for multiple comparisons. Analysis of covariance
for both groups, adjusted for age at scan, was used to compare the genetic variables and
cerebral structures.

3. Results

This study included 26 infants of both sexes, and the OXTR, FADS2, and COMT genes
were genotyped in all of them. We compared the demographic characteristics of the
preterm and control infants. All the infants in both groups were Asian and without brain
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injury. The mean gestational age of the preterm infants was 31.00 + 3.88 weeks and that of
the control infants was 38.83 =+ 0.98 weeks. The rates of moderate-to-severe
bronchopulmonary dysplasia (BPD) and retinopathy of prematurity (ROP), which is
known as an independent risk factor for neurodevelopmental impairment, were 15% and
10%, respectively, in preterm infants. The clinical and demographic data are summarized
in Table 2.

Table 2. Descriptive characteristics of the cohort.

. L. Preterm Control
Characteristics (1= 20) (1= 6) p-Value
Sex 0.182
Male 13 (65.0%) 2 (33.3%)
Female 7 (35.0%) 4 (66.7%)
Ethnicity
Asian 20 (100%) 6 (100%) NA
Scan age, mean + SD 37.60 +2.04 40.00 +1.79 0.016
Birth weight, mean + SD 1624.00 + 710.40 3373.33 £27.53 <0.001
Gestational age, mean + SD 31.00 +3.88 38.83 +0.98 <0.001
Moderate-to-severe BPD 3 (15%) 0 (0%) 0.412
Moderate-to-severe ROP 2 (10%) 0 (0%) 0.420
K-DST
<-2 SD in any domain 2 (10%) 0 (0%) 0.509
<-2 SD in gross motor domain 1 (5%) 0 (0%) 0.648
<-2 SD in fine motor domain 0 (0%) 0 (0%) NA
<-2 SD in cognition domain 0 (0%) 0 (0%) NA
<-2 SD in language domain 1 (5%) 0 (0%) 0.648
<-2 SD in sociality domain 0 (0%) 0 (0%) NA

SD, standard deviation; NA, not available; BPD, bronchopulmonary dysplasia; ROP, retinopathy of
prematurity; K-DST, Korean developmental assessment of infants.

3.1. The Differences in Cerebral Volume, Thickness, and Curvature between the Preterm and
Control Groups

We collected MRI data for the 26 infants (nine very preterm infants, < 32 weeks;
eleven preterm infants, 32-37 weeks; and six term-born infants, > 37 weeks of gestational
age). There were no significant differences in brain volume and thickness, but the preterm
infants had a decreased mean cortical curvature in the right medial orbitofrontal gyrus
(FDR-corrected p = 0.028), right superior temporal gyrus (FDR-corrected p = 0.010), left
posterior cingulate gyrus (FDR-corrected p = 0.028), and left superior temporal gyrus
(FDR-corrected p = 0.028) after correcting for age at scan (Table 3).
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Table 3. Brain differences between preterm and control infants.

. .. Very Preterm Late Preterm Control
Characteristics r{n _9) (n=11) (.= 6) p-Value FDR
Volume
+ + +
Total gray-matter volume 9185;181729_ 1295'i85%'19i_ 111%,%%;;212 B 0.043 0.072
. . 34,697.14 +
Left hemisphere cortical gray matter 437411 36,820.41 + 5824.50 38,987.16 +5452.27 0.317 0.317
. . . 32,924.48 +
Right hemisphere cortical gray matter 368858 36,505.99 + 5754.01 38,354.64 +3806.95 0.091 0.114
. . 63,135.95 = 73,906.42 +
Left-hemisphere cerebral white matter 7821.90 10,090.29 72,867.42 +9780.54 0.040 0.072
. . . 60,970.21 =
Right-hemisphere cerebral white matter 817173 70,194.39 + 7638.09 69,560.52 + 6089.01 0.027 0.072
Thickness
Left lateral orbitofrontal gyrus 1.08 +0.15 1.15+0.20 1.15+0.23 0.661 0.826
Right lateral orbitofrontal gyrus 1.03 £0.12 1.11+0.21 1.09 £ 0.12 0.522 0.826
Left medial orbitofrontal gyrus 1.14+0.17 1.16 +0.15 1.18 +0.16 0.877 0.937
Right medial orbitofrontal gyrus 1.19+0.23 1.22+0.14 1.12+0.14 0.574 0.826
Left parahippocampal gyrus 1.06 +0.22 1.01+0.14 1.10+0.07 0.584 0.826
Right parahippocampal gyrus 0.98 £0.25 1.07 +0.19 1.03 +0.14 0.588 0.826
Left posterior cingulate gyrus 1.34+£0.19 1.33£0.12 1.31+£0.07 0.937 0.937
Right posterior cingulate gyrus 1.30+0.15 1.36 +0.08 1.36 +0.13 0.551 0.826
Left superior temporal gyrus 141+0.17 1.38+0.13 1.45+0.16 0.645 0.826
Right superior temporal gyrus 1.34+0.14 1.46+0.17 1.42 +0.14 0.256 0.826
Curvature
Left lateral orbitofrontal gyrus 1.76 + 0.74 1.96 + 0.51 2.47 £0.30 0.075 0.107
Right lateral orbitofrontal gyrus 1.73 +0.46 2.23+0.58 2.43+0.70 0.064 0.107
Left medial orbitofrontal gyrus 1.35+0.63 1.63+0.31 2.00 £ 0.38 0.045 0.090
Right medial orbitofrontal gyrus 1.20 +0.40 1.79 +0.40 1.86 + 0.59 0.011 0.028
Left parahippocampal gyrus 0.55£0.16 0.52£0.31 0.62+0.31 0.735 0.735
Right parahippocampal gyrus 0.35+0.16 0.49 £0.52 0.55 £0.27 0.571 0.634
Left posterior cingulate gyrus 0.54+0.27 1.01 +0.30 1.00 + 0.40 0.006 0.028
Right posterior cingulate gyrus 0.76 +0.41 0.98 +0.29 0.89+0.23 0.324 0.405
Left superior temporal gyrus 4.41+0.81 5.35+0.62 5.69 +0.99 0.009 0.028
Right superior temporal gyrus 3.70 £ 0.62 4.64 +0.83 5.32£0.57 <0.001  0.010

FDR, false discovery rate.

3.2. The Effect of Genotype on Cerebral Volume, Thickness, and Curvature

The presence of the minor allele at rs1042778 in OXTR was associated with reduced
curvature in the right medial orbitofrontal gyrus (p < 0.001). The presence of the minor
allele at rs174576 in FADS2 (p < 0.001) or rs740603 in COMT (p < 0.001) was related to a
reduced curvature in the left posterior cingulate gyrus (Figure 3, Table S1). However,
there was no significant relationship between the SNP genotype and cerebral volume or
thickness (Tables S2-55). There was no significant difference between the minor allele
frequencies of the SNPs and gestational age (Table S6). The sex differences in cerebral
volume, thickness, and curvature were not significant (Table S7).



J. Clin. Med. 2022, 11, 3135 9 of 15

Age-adjusted / FDR-corrected p value
B |
0 0.05
Left hemisphere Right hemisphere

Posterior cingulate Superior temporal Medial orbitofrontal

'f KZE0N PYR.
A % ’1\\\‘1\ g,

rs2268493/rs53576 rs1042778/rs53576 rs1042778

£ e —
] y 2% AN
P NP /i N
rs174576 1s174570/rs498793 rs174570/rs174576/ rs498793

rs740603 rs165774 rs740603 rs740603

Figure 3. The significant regions of the brain curvature associated with OXTR, FADS2, and COMT.

3.3. The Neurodevelopmental Follow-Up

At the 1-year follow-up in this study, all the participants selected had no major
neuropsychiatric disease and no major health problems. The K-DST were compared
between the preterm infants and the term-born infants, and there was no significant
difference between the five specific domains and within at least one of the five domains
(Table 2). The infants were considered screen positive for the K-DST if any of the six
domains had a score of 2 SD or higher, indicating that the infant should be investigated
further for suspected developmental delay. Two preterm infants received a score of <-2
SD in any domain, with one in the language domain and the other in the gross motor
domain.

4. Discussion

We found that the carriage of the minor alleles in OXTR, FADS2, and COMT was
associated with reduced curvature after controlling for age at scan. We observed that
SNPs linked to the genetic regions associated with ASD and lipid metabolism predicted
changes in the cerebral endophenotype.

In certain developmental and neuropsychiatric disorders, specific abnormalities are
reflected in an individual’s developing cortex morphology and may correspond to
pathological functioning. With the development of technology, studies are underway to
reveal the relationship between the brain and genes in preterm infants [50,51]. In
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particular, preterm infants exhibit a more immature cortical microstructure and
macrostructure, resulting in an atypical trajectory of cortical maturation at term-
equivalent age [52]. Although the exact mechanism of altered cortical development after
preterm birth is not clearly elucidated, previous studies proposed a genetic pathway that
modulates preterm brain injury [53,54]. Many studies have demonstrated the
inheritability of folding patterns [55,56], showing that curvature has a high degree of
genetic determination.

The preterm infants exhibited reduced development in the cerebral cortex, including
the cerebral volume and the complexity of cortical folding, which validates and expands
previous published findings [10,12]. Preterm birth per se might influence delayed cortical
maturation, followed by long-term neurocognitive impairment [18]. In addition, Kline et
al. [11] showed that decreased cortical volume and curvature are also promising
predictors of later neurodevelopment in preterm infants. However, no studies have
examined the genetic mechanism of altered brain development at TEA in preterm infants
compared to term-born infants. Boardman et al. [23] found that common genetic variation
in the genes associated with schizophrenia modulates the susceptibility to white-matter
abnormalities by using diffusion tensor imaging at TEA, but they only studied a preterm
population.

We identified that the common genetic variation in the genes associated with
neurodevelopmental delay affect cortical curvature significantly in preterm-born infants
compared to term-born infants. Despite decades of study, the genetic mechanism behind
the prematurity-related factors that affect complex folding patterns have not been fully
elucidated in preterm infants. The clinical implication of our study is that cortical
development in specific areas could differ significantly between preterm and term infants,
depending on the carriage of particular alleles at SNP, which are risk factors for genetic
susceptibility. Our study aims to elucidate that the combination of preterm birth and
genetic factors might interfere with the regional complexity of cortical folding, even in the
absence of major white-matter damage.

We found that minor allele carriage at rs1042778 in OXTR is a risk modulator for the
reduced mean curvature of the right medial orbitofrontal gyrus in preterm infants. OXTR,
located on chromosome 3p25, is a neuropeptide that is highly conserved in brain areas
critical for emotional regulation, such as the amygdala, lateral septum, and hypothalamus.
A SNP of OXTR has recently emerged as a particularly interesting candidate gene for
social-behavioral phenotypes [30,57]. Notably, rs1042778 plays a crucial regulatory role
in OXTR transcription and translation. A common genetic variant in OXTR linked to
social function predicts individual differences in the hypothalamic-limbic structures of
healthy adults [58]. Other studies have reported that preterm birth is associated with
cortical volume [59] and neuronal loss in the dorsomedial nucleus of the thalamus [60].
The prefrontal cortex, which exerts top-down control over various subcortical regions,
densely expresses oxytocin receptors that may mediate the effects of oxytocin on social
behavior. Common genetic variants in OXTR were associated with the behavioral traits
of ASD, including deficits in social communication and cognition, restricted and repetitive
behaviors [33,61], and emotional empathy, in a Chinese cohort [62]. Despite accumulating
evidence supporting the relationship between preterm birth and ASD, the intermediate
neural mechanism in preterm infants remains unknown. In this study, the OXTR gene
was associated with the curvature of the orbitofrontal gyrus, which is involved in the
cognitive process of decision-making and socio-emotional functioning.

The presence of a minor allele at rs174576 in FADS2 and at rs740603 in COMT was
associated with lower curvature of the left posterior cingulate. The posterior cingulate
gyrus is called the limbic lobe and plays a prominent role in cognitive functions, such as
working memory performance [63,64]. It is one of the most metabolically active regions
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of the brain and has been linked to spatial memory by lesion studies, as well as to
emotional salience [65]. Several neurological and psychiatric disorders are associated with
abnormalities in this area, including Alzheimer’s disease, ASD, ADHD, depression, and
schizophrenia [64]. Our results suggest that the FADS2 and COMT gene is associated with
posterior cingulate gyrus curvature, which might raise the possibility of genetic
vulnerability in the preterm phenotype.

FADS?2 polymorphisms modify the activity of long-chain polyunsaturated fatty acid
(LC-PUFA) desaturation and lipid composition in brain tissue, modulating cortical
development in children. LC-PUFAs are important for neurogenesis, neurotransmission,
and protection against oxidative stress because they accumulate in the brain during the
last trimester of pregnancy. Genetic variations in FADS2 may interact with preterm brain
maturation to influence later neurodevelopment. Our results are similar to recently
reported data by Boardman et al. [23] showing that the carriage of the minor allele at
rs174576 in the FADS2 gene is linked to preterm white-matter injury after preterm birth,
based on diffusion tensor imaging [31,66]. However, to our knowledge, there has been
little genetic evidence on cortical curvature in preterm neuroimaging studies to suggest
the reduced complexity of the preterm brain compared to the term-born brain. Our results
indicate the genetic impact on the developmental process in the maturation of the cortex
in the absence of white-matter injury in preterm infants. The FADS2 gene is associated
with brain-related phenotypes, such as intellectual development [67] and attention-deficit
hyperactivity disorder (ADHD) [68]. The COMT gene is a key enzyme in the metabolism
of dopamine, norepinephrine, and epinephrine [69,70] and has been associated with
cognitive functions [71]. In addition, the SNPs in COMT are associated with white-matter
changes in preterm-born adults [32] and have a potential impact on dopamine regulation
and the phenotypic traits of ASD patients [34]. This shows that COMT may trigger
difficulties in premature metabolism and cognitive development in newborns. The
important limitations of these data merit consideration. Despite our positive findings, our
study featured a small sample size. Additionally, the results of the present study must be
interpreted cautiously and corroborated by independent and multicenter studies to
determine the actual prevalence of OXTR, FADS2, and COMT polymorphisms and their
association with preterm morbidity. Furthermore, the M-CRIB atlas that we used is based
on a dataset of normal term-born neonates; therefore, it may not map precisely onto the
brain morphology of infants with plagiocephaly.

5. Conclusions

In conclusion, we identified that the altered cortical structure in preterm infants
compared to term-born infants is associated with common genetic variations involved in
ASD and lipid metabolism. Significantly reduced curvature of the fronto-limbic pathway
at TEA was found in the carriage of the minor alleles in OXTR, FADS2, and COMT. This
study provides biological insight into altered cortical curvature at term-equivalent age,
suggesting that common genetic variations related to ASD and lipid metabolism may
mediate vulnerability to early cortical dysmaturation in preterm infants. Our imaging-
based biomarkers of underlying genetic predispositions might offer promise for
identifying relevant genetic variations and pertinent imaging features. With larger sample
sizes, more findings are likely to emerge, which makes it possible to solve non-genetic
confounders in future studies. Since we explored structural brain development, future
studies need to analyze areas of functional development, such as brain networks.
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thickness; Table S5: Genotype effects on brain curvature in the preterm and control groups



J. Clin. Med. 2022, 11, 3135 12 of 15

controlling for age at scan; Table S6: Significance of minor allele frequencies of SNPs and GA. Table
S7: The differences in cerebral development by sex.

Author Contributions: Conceptualization, H.J.L. and B.-N.K.; methodology, J.Y.L. and H.K;
software, Y.H.]J.; validation, Y.-E.K,, H.].L., and B.-N.K,; formal analysis, H.K.; investigation, J.-H.A.;
resources, J.LK. and J.-H.A,; data curation, Y.H.J.; writing—original draft preparation, HK,;
writing—review and editing, H.J.L., J1K, HK,, and J.-H.A.; visualization, H.J.L.; supervision,
H.J.L.; project administration, B.-N.K.; funding acquisition, J.I.K., H.J.L., and B.-N.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Bio & Medical Technology Development Program of the
National Research Foundation, funded by the Korean Government (MSIT) (2020R1F1A1048529,
2020M3E5D9080787, and 2019M3E5D1A(01069345).

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Declaration of Helsinki and approved by the Institutional Review Board of Hanyang
University Hospital (2018-12-022-023 on 23 June 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent was obtained from the patients to publish this paper.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Walani, S.R. Global burden of preterm birth. Int. |. Gynaecol. Obstet. 2020, 150, 31-33. https://doi.org/10.1002/ijgo.13195.

2. Hee Chung, E.; Chou, J.; Brown, K.A. Neurodevelopmental outcomes of preterm infants: A recent literature review. Transl.
Pediatr. 2020, 9, S3-S8. https://doi.org/10.21037/tp.2019.09.10.

3. Ball, G;; Boardman, J.P.; Rueckert, D.; Aljabar, P.; Arichi, T.; Merchant, N.; Gousias, 1.S.; Edwards, A.D.; Counsell, S.J. The effect
of preterm birth on thalamic and cortical development. Cereb Cortex 2012, 22, 1016-1024. https://doi.org/10.1093/cercor/bhr176.

4. Kiss, J.Z.,; Vasung, L.; Petrenko, V. Process of cortical network formation and impact of early brain damage. Curr. Opin. Neurol.
2014, 27, 133-141. https://doi.org/10.1097/WCO.0000000000000068.

5. Demirci, N.; Holland, M.A. Cortical thickness systematically varies with curvature and depth in healthy human brains. Hum.
Brain Mapp. 2022, 43, 2064-2084. https://doi.org/10.1002/hbm.25776.

6.  Grantham-McGregor, S.; Cheung, Y.B.; Cueto, S.; Glewwe, P.; Richter, L.; Strupp, B. Developmental potential in the first 5 years
for children in developing countries. Lancet 2007, 369, 60-70. https://doi.org/10.1016/s0140-6736(07)60032-4.

7. Alexander, B.; Kelly, C.E.; Adamson, C.; Beare, R.; Zannino, D.; Chen, J.; Murray, A.L.; Loh, W.Y.; Matthews, L.G.; Warfield,
S.K.; et al. Changes in neonatal regional brain volume associated with preterm birth and perinatal factors. Neuroimage 2019, 185,
654-663. https://doi.org/10.1016/j.neuroimage.2018.07.021.

8. Nam, K.W,; Castellanos, N.; Simmons, A.; Froudist-Walsh, S.; Allin, M.P.; Walshe, M.; Murray, R.M.; Evans, A.; Muehlboeck,
J.S.; Nosarti, C. Alterations in cortical thickness development in preterm-born individuals: Implications for high-order cognitive
functions. Neuroimage 2015, 115, 64-75. https://doi.org/10.1016/j.neuroimage.2015.04.015.

9.  Garcia, K.E.; Robinson, E.C.; Alexopoulos, D.; Dierker, D.L.; Glasser, M.F.; Coalson, T.S.; Ortinau, C.M.; Rueckert, D.; Taber,
L.A; Van Essen, D.C,; et al. Dynamic patterns of cortical expansion during folding of the preterm human brain. Proc. Natl. Acad.
Sci. USA 2018, 115, 3156-3161. https://doi.org/10.1073/pnas.1715451115.

10. Padilla, N.; Alexandrou, G.; Blennow, M.; Lagercrantz, H.; Aden, U. Brain Growth Gains and Losses in Extremely Preterm
Infants at Term. Cereb Cortex 2015, 25, 1897-1905. https://doi.org/10.1093/cercor/bht431.

11. Kline, J.E; Sita Priyanka Illapani, V.; He, L.; Parikh, N.A. Automated brain morphometric biomarkers from MRI at term predict
motor development in very preterm infants. Neuroimage Clin. 2020, 28, 102475. https://doi.org/10.1016/j.nicl.2020.102475.

12.  Ajayi-Obe, M.; Saeed, N.; Cowan, F.M.; Rutherford, M.A.; Edwards, A.D. Reduced development of cerebral cortex in extremely
preterm infants. Lancet 2000, 356, 1162-1163. https://doi.org/10.1016/s0140-6736(00)02761-6.

13. Lee, J.Y.; Choi, Y.H.; Cha, ].H,; Lee, ].Y.; Lee, Y.J.; Kim, B.H.; Kim, LK; Lee, ]. M.; Lee, H.]. Altered asymmetries of the structural
networks comprising the fronto-limbic brain circuitry of preterm infants. Sci. Rep. 2021, 11, 1318. https://doi.org/10.1038/s41598-
020-79446-0.

14.  Zhou, Q.; Zhong, M.; Yao, S; Jin, X,; Liu, Y.; Tan, C.; Zhu, X,; Yi, ]. Hemispheric asymmetry of the frontolimbic cortex in young
adults with borderline personality disorder. Acta Psychiatr. Scand. 2017, 136, 637-647. https://doi.org/10.1111/acps.12823.

15. Madsen, K.S.; Jernigan, T.L.; Vestergaard, M.; Mortensen, E.L.; Baare, W.F.C. Neuroticism is linked to microstructural left-right

asymmetry of fronto-limbic fibre tracts in adolescents with opposite effects in boys and girls. Neuropsychologia 2018, 114, 1-10.
https://doi.org/10.1016/j.neuropsychologia.2018.04.010.



J. Clin. Med. 2022, 11, 3135 13 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Toller, G.; Adhimoolam, B.; Rankin, K.P.; Huppertz, H.J.; Kurthen, M.; Jokeit, H. Right fronto-limbic atrophy is associated with
reduced empathy in refractory unilateral mesial temporal lobe epilepsy. Neuropsychologia 2015, 78, 80-87.
https://doi.org/10.1016/j.neuropsychologia.2015.09.010.

Counsell, S.J.; Rutherford, M.A.; Cowan, F.M.; Edwards, A.D. Magnetic resonance imaging of preterm brain injury. Arch. Dis.
Child. Fetal Neonatal Ed. 2003, 88, F269-F274. https://doi.org/10.1136/fn.88.4.f269.

Kline, J.E.; lapani, V.S.P.; He, L.; Altaye, M.; Logan, ].W.; Parikh, N.A. Early cortical maturation predicts neurodevelopment
in very preterm infants. Arch. Dis. Child. Fetal Neonatal Ed. 2020, 105, 460—465. https://doi.org/10.1136/archdischild-2019-317466.
Dubois, J.; Alison, M.; Counsell, S.J.; Hertz-Pannier, L.; Huppi, P.S.; Benders, M. MRI of the Neonatal Brain: A Review of
Methodological Challenges and Neuroscientific Advances. ] Magn. Reson. Imaging 2021, 53, 1318-1343.
https://doi.org/10.1002/jmri.27192.

Thompson, P.M.; Cannon, T.D.; Narr, K.L.; van Erp, T.; Poutanen, V.P.; Huttunen, M.; Lonnqvist, J.; Standertskjold-
Nordenstam, C.G.; Kaprio, J.; Khaledy, M.; et al. Genetic influences on brain structure. Nat. NeuroSci. 2001, 4, 1253-1258.
https://doi.org/10.1038/nn758.

Dempfle, A.; Scherag, A.; Hein, R.; Beckmann, L.; Chang-Claude, ].; Schafer, H. Gene-environment interactions for complex
traits: Definitions, methodological requirements and challenges. Eur. ]. Hum. Genet. 2008, 16, 1164-1172.
https://doi.org/10.1038/ejhg.2008.106.

Leviton, A.; Gressens, P.; Wolkenhauer, O.; Dammann, O. Systems approach to the study of brain damage in the very preterm
newborn. Front. Syst. NeuroSci. 2015, 9, 58. https://doi.org/10.3389/fnsys.2015.00058.

Boardman, J.P.; Walley, A.; Ball, G.; Takousis, P.; Krishnan, M.L.; Hughes-Carre, L.; Aljabar, P.; Serag, A.; King, C.; Merchant,
N.; et al. Common genetic variants and risk of brain injury after preterm birth. Pediatrics 2014, 133, e1655—e1663.
https://doi.org/10.1542/peds.2013-3011.

Bearden, C.E.; Freimer, N.B. Endophenotypes for psychiatric disorders: Ready for primetime? Trends Genet. 2006, 22, 306-313.
https://doi.org/10.1016/j.tig.2006.04.004.

Preston, G.A.; Weinberger, D.R. Intermediate phenotypes in schizophrenia: A selective review. Dialogues Clin. NeuroSci. 2005,
7, 165-179. https://doi.org/10.31887/DCNS.2005.7.2/gpreston.

Kendler, K.S.; Neale, M.C. Endophenotype: A conceptual analysis. Mol. Psychiatry 2010, 15, 789-797.
https://doi.org/10.1038/mp.2010.8.

Prasad, K.M.; Keshavan, M.S. Structural cerebral variations as useful endophenotypes in schizophrenia: Do they help construct
“extended endophenotypes”? Schizophr. Bull. 2008, 34, 774-790. https://doi.org/10.1093/schbul/sbn017.

Cha, J.H,; Ahn, J.H; Kim, YJ; Lee, B.G,; Kim, J.I; Park, HK, Kim, B.N.; Lee, HJ. Impact of Preterm Birth on
Neurodevelopmental Disorders in South Korea: A Nationwide Population-Based Study. ]. Clin. Med. 2022, 11, 2476.
https://doi.org/10.3390/jcm11092476.

Afif, 1.Y.; Manik, A.R.; Munthe, K.; Maula, M.I.; Ammarullah, M.L; Jamari, J.; Winarni, T.I. Physiological Effect of Deep Pressure
in Reducing Anxiety of Children with ASD during Traveling: A Public Transportation Setting. Bioengineering 2022, 9, 157.
https://doi.org/10.3390/bioengineering9040157.

Behnia, F.; Parets, S.E.; Kechichian, T.; Yin, H.; Dutta, E.H.; Saade, G.R.; Smith, A K.; Menon, R. Fetal DNA methylation of autism
spectrum disorders candidate genes: Association with spontaneous preterm birth. Am. J. Obstet. Gynecol. 2015, 212, 533 e531-
e539. https://doi.org/10.1016/j.ajog.2015.02.011.

Koletzko, B.; Reischl, E.; Tanjung, C.; Gonzalez-Casanova, I.; Ramakrishnan, U.; Meldrum, S.; Simmer, K.; Heinrich, J,;
Demmelmair, H. FADS1 and FADS2 Polymorphisms Modulate Fatty Acid Metabolism and Dietary Impact on Health. Annu.
Rev. Nutr. 2019, 39, 21-44. https://doi.org/10.1146/annurev-nutr-082018-124250.

Dutt, A.; Shaikh, M.; Ganguly, T.; Nosarti, C.; Walshe, M.; Arranz, M.; Rifkin, L.; McDonald, C.; Chaddock, C.A.; McGuire, P.;
et al. COMT gene polymorphism and corpus callosum morphometry in preterm born adults. Neuroimage 2011, 54, 148-153.
https://doi.org/10.1016/j.neuroimage.2010.07.048.

Francis, S.M.; Kim, S.J.; Kistner-Griffin, E.; Guter, S.; Cook, E.H.; Jacob, S. ASD and Genetic Associations with Receptors for
Oxytocin and Vasopressin-AVPR1A, AVPRI1B, and OXTR. Front. NeuroSci. 2016, 10, 516.
https://doi.org/10.3389/fnins.2016.00516.

Esmaiel, N.N.; Ashaat, E.A.; Mosaad, R.; Fayez, A ; Ibrahim, M.; Abdallah, Z.Y.; Issa, M.Y.; Salem, S.; Ramadan, A.; El Wakeel,
M.A,; et al. The potential impact of COMT gene variants on dopamine regulation and phenotypic traits of ASD patients. Behav.
Brain Res. 2020, 378, 112272. https://doi.org/10.1016/j.bbr.2019.112272.

Sun, C.; Zou, M.; Wang, X.; Xia, W.; Ma, Y,; Liang, S.; Hao, Y.; Wu, L.; Fu, S. FADS1-FADS2 and ELOVL2 gene polymorphisms
in susceptibility to autism spectrum disorders in Chinese children. BMC Psychiatry 2018, 18, 283. https://doi.org/10.1186/s12888-
018-1868-7.

Watanabe, Y.; Kaneko, N.; Nunokawa, A.; Shibuya, M.; Egawa, J.; Someya, T. Oxytocin receptor (OXTR) gene and risk of
schizophrenia: Case-control and family-based analyses and meta-analysis in a Japanese population. Psychiatry Clin. NeuroSci.
2012, 66, 622. https://doi.org/10.1111/j.1440-1819.2012.02396.x.

Liu, Y.; Jandacek, R.; Rider, T.; Tso, P.; McNamara, R.K. Elevated delta-6 desaturase (FADS2) expression in the postmortem
prefrontal cortex of schizophrenic patients: Relationship with fatty acid composition. Schizophr. Res. 2009, 109, 113-120.
https://doi.org/10.1016/j.schres.2008.12.027.



J. Clin. Med. 2022, 11, 3135 14 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Fan, ].B.; Zhang, C.S.; Gu, N.F.; Li, XW.; Sun, W.W.; Wang, H.Y.; Feng, G.Y; St Clair, D.; He, L. Catechol-O-methyltransferase
gene Val/Met functional polymorphism and risk of schizophrenia: A large-scale association study plus meta-analysis. Biol.
Psychiatry 2005, 57, 139-144. https://doi.org/10.1016/j.biopsych.2004.10.018.

WHO: Recommended definitions, terminology and format for statistical tables related to the perinatal period and use of a new
certificate for cause of perinatal deaths. Modifications recommended by FIGO as amended October 14, 1976. Acta Obstet.
Gynecol. Scand. 1977, 56, 247-253.

Blencowe, H.; Cousens, S.; Oestergaard, M.Z.; Chou, D.; Moller, A.B.; Narwal, R.; Adler, A.; Vera Garcia, C.; Rohde, S.; Say, L.;
et al. National, regional, and worldwide estimates of preterm birth rates in the year 2010 with time trends since 1990 for selected
countries: A systematic analysis and implications. Lancet 2012, 379, 2162-2172. https://doi.org/10.1016/s0140-6736(12)60820-4.
Guidelines for the ethical conduct of studies to evaluate drugs in pediatric populations. Committee on Drugs, American
Academy of Pediatrics. Pediatrics 1995, 95, 286-294.

Copeland, A.; Silver, E.; Korja, R.; Lehtola, S.J.; Merisaari, H.; Saukko, E.; Sinisalo, S.; Saunavaara, J.; Lahdesmaéki, T.; Parkkola,
R; et al. Infant and Child MRI: A Review of Scanning Procedures. Front. Neurosci. 2021, 15, 1-16.
https://doi.org/10.3389/fnins.2021.666020.

Klein, A.; Tourville, ]. 101 labeled brain images and a consistent human cortical labeling protocol. Front. NeuroSci. 2012, 6, 171.
https://doi.org/10.3389/fnins.2012.00171.

Adamson, C.L.; Alexander, B.; Ball, G.; Beare, R.; Cheong, ].L.Y.; Spittle, A.].; Doyle, LW.; Anderson, P.J.; Seal, M.L.; Thompson,
D.K. Parcellation of the neonatal cortex using Surface-based Melbourne Children’s Regional Infant Brain atlases (M-CRIB-S).
Sci. Rep. 2020, 10, 4359. https://doi.org/10.1038/s41598-020-61326-2.

Tustison, N.J.; Avants, B.B.; Cook, P.A.; Zheng, Y.; Egan, A.; Yushkevich, P.A.; Gee, J.C. N4ITK: Improved N3 bias correction.
IEEE Trans. Med. Imaging 2010, 29, 1310-1320. https://doi.org/10.1109/tmi.2010.2046908.

Makropoulos, A.; Gousias, L.S.; Ledig, C.; Aljabar, P.; Serag, A.; Hajnal, ].V.; Edwards, A.D.; Counsell, S.J.; Rueckert, D.
Automatic whole brain MRI segmentation of the developing neonatal brain. IEEE Trans. Med. Imaging 2014, 33, 1818-1831.
https://doi.org/10.1109/tmi.2014.2322280.

Fischl, B. FreeSurfer. Neuroimage 2012, 62, 774-781. https://doi.org/10.1016/j.neuroimage.2012.01.021.

Yim, C.H.; Kim, G.H.; Eun, B.L. Usefulness of the Korean Developmental Screening Test for infants and children for the
evaluation of developmental delay in Korean infants and children: A single-center study. Korean |. Pediatr. 2017, 60, 312-319.
https://doi.org/10.3345/kjp.2017.60.10.312.

Chung, H.J.; Yang, D.; Kim, G.H.; Kim, SK,; Kim, S.W.; Kim, Y.K,; Kim, Y.A ; Kim, J.S.; Kim, J.K.; Kim, C.; et al. Development
of the Korean Developmental Screening Test for Infants and Children (K-DST). Clin. Exp Pediatr. 2020, 63, 438-446.
https://doi.org/10.3345/cep.2020.00640.

Ball, G.; Seidlitz, J.; O'Muircheartaigh, J.; Dimitrova, R.; Fenchel, D.; Makropoulos, A.; Christiaens, D.; Schuh, A.; Passerat-
Palmbach, ].; Hutter, J.; et al. Cortical morphology at birth reflects spatiotemporal patterns of gene expression in the fetal human
brain. PLoS Biol. 2020, 18, €3000976. https://doi.org/10.1371/journal.pbio.3000976.

Alexander-Bloch, A.F.; Raznahan, A.; Vandekar, S.N.; Seidlitz, ].; Lu, Z.; Mathias, S.R.; Knowles, E.; Mollon, J.; Rodrigue, A.;
Curran, J.E.; et al. Imaging local genetic influences on cortical folding. Proc. Natl. Acad. Sci. USA 2020, 117, 7430-7436.
https://doi.org/10.1073/pnas.1912064117.

Hedderich, D.M.; Baum], ].G.; Berndt, M.T.; Menegaux, A.; Scheef, L.; Daamen, M.; Zimmer, C.; Bartmann, P.; Boecker, H.;
Wolke, D.; et al. Aberrant gyrification contributes to the link between gestational age and adult IQ after premature birth. Brain
2019, 142, 1255-1269. https://doi.org/10.1093/brain/awz071.

Arpino, C.; D'Argenzio, L.; Ticconi, C.; Di Paolo, A.; Stellin, V.; Lopez, L.; Curatolo, P. Brain damage in preterm infants:
Etiological pathways. Ann. Ist. Super. Sanita 2005, 41, 229-237.

Krishnan, M.L.; Wang, Z.; Aljabar, P.; Ball, G.; Mirza, G.; Saxena, A.; Counsell, S.J.; Hajnal, ].V.; Montana, G.; Edwards, A.D.
Machine learning shows association between genetic variability in PPARG and cerebral connectivity in preterm infants. Proc.
Natl. Acad. Sci. USA 2017, 114, 13744-13749. https://doi.org/10.1073/pnas.1704907114.

Lohmann, G.; von Cramon, D.Y.; Steinmetz, H. Sulcal variability of twins. Cereb Cortex 1999, 9, 754-763.
https://doi.org/10.1093/cercor/9.7.754.

Atkinson, E.G.; Rogers, J.; Cheverud, ].M. Evolutionary and developmental implications of asymmetric brain folding in a large
primate pedigree. Evolution 2016, 70, 707-715. https://doi.org/10.1111/evo.12867.

Israel, S.; Lerer, E.; Shalev, I.; Uzefovsky, F.; Riebold, M.; Laiba, E.; Bachner-Melman, R.; Maril, A.; Bornstein, G.; Knafo, A.; et
al. The oxytocin receptor (OXTR) contributes to prosocial fund allocations in the dictator game and the social value orientations
task. PLoS ONE 2009, 4, e5535. https://doi.org/10.1371/journal.pone.0005535.

Tost, H.; Kolachana, B.; Hakimi, S.; Lemaitre, H.; Verchinski, B.A.; Mattay, V.S.; Weinberger, D.R.; Meyer-Lindenberg, A. A
common allele in the oxytocin receptor gene (OXTR) impacts prosocial temperament and human hypothalamic-limbic structure
and function. Proc. Natl. Acad. Sci. USA 2010, 107, 13936-13941. https://doi.org/10.1073/pnas.1003296107.

Boardman, J.P.; Craven, C.; Valappil, S.; Counsell, S.J.; Dyet, L.E.; Rueckert, D.; Aljabar, P.; Rutherford, M.A.; Chew, A.T.; Allsop,
J.M.; et al. A common neonatal image phenotype predicts adverse neurodevelopmental outcome in children born preterm.
Neuroimage 2010, 52, 409-414. https://doi.org/10.1016/j.neuroimage.2010.04.261.



J. Clin. Med. 2022, 11, 3135 15 of 15

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ligam, P.; Haynes, R.L.; Folkerth, R.D.; Liu, L.; Yang, M.; Volpe, ].J.; Kinney, H.C. Thalamic damage in periventricular
leukomalacia: Novel pathologic observations relevant to cognitive deficits in survivors of prematurity. Pediatr. Res. 2009, 65,
524-529. https://doi.org/10.1203/PDR.0b013e3181998baf.

Meyer, M.; Jurek, B.; Alfonso-Prieto, M.; Ribeiro, R.; Milenkovic, V.M.; Winter, J.; Hoffmann, P.; Wetzel, C.H.; Giorgetti, A.;
Carloni, P.; et al. Structure-function relationships of the disease-linked A218T oxytocin receptor variant. Mol. Psychiatry 2022,
27,907-917. https://doi.org/10.1038/s41380-021-01241-8.

Wu, N.; Li, Z.; Su, Y. The association between oxytocin receptor gene polymorphism (OXTR) and trait empathy. J. Affect. Disord
2012, 138, 468-472. https://doi.org/10.1016/j.jad.2012.01.009.

Rolls, E.T. The cingulate cortex and limbic systems for emotion, action, and memory. Brain Struct. Funct. 2019, 224, 3001-3018.
https://doi.org/10.1007/s00429-019-01945-2.

Leech, R.; Sharp, D.J. The role of the posterior cingulate cortex in cognition and disease. Brain 2014, 137, 12-32.
https://doi.org/10.1093/brain/awt162.

Maddock, R.J.; Garrett, A.S.; Buonocore, M.H. Posterior cingulate cortex activation by emotional words: fMRI evidence from a
valence decision task. Hum. Brain Mapp. 2003, 18, 30—41. https://doi.org/10.1002/hbm.10075.

He, Z.; Zhang, R; Jiang, F.; Zhang, H.; Zhao, A.; Xu, B,; Jin, L; Wang, T.; Jia, W,; Jia, W.; et al. FADS1-FADS2 genetic
polymorphisms are associated with fatty acid metabolism through changes in DNA methylation and gene expression. Clin.
Epigenetics 2018, 10, 113. https://doi.org/10.1186/s13148-018-0545-5.

Caspi, A.; Williams, B.; Kim-Cohen, J.; Craig, LW.; Milne, B.J.; Poulton, R.; Schalkwyk, L.C.; Taylor, A.; Werts, H.; Moffitt, T.E.
Moderation of breastfeeding effects on the IQ by genetic variation in fatty acid metabolism. Proc. Natl. Acad. Sci. USA 2007, 104,
18860-18865. https://doi.org/10.1073/pnas.0704292104.

Brookes, K.J.; Chen, W.; Xu, X, Taylor, E.; Asherson, P. Association of fatty acid desaturase genes with attention-
deficit/hyperactivity disorder. Biol. Psychiatry 2006, 60, 1053-1061. https://doi.org/10.1016/j.biopsych.2006.04.025.

Lotta, T.; Vidgren, J.; Tilgmann, C.; Ulmanen, I.; Melén, K.; Julkunen, I.; Taskinen, J. Kinetics of human soluble and membrane-
bound catechol O-methyltransferase: A revised mechanism and description of the thermolabile variant of the enzyme.
Biochemistry 1995, 34, 4202—4210. https://doi.org/10.1021/bi00013a008.

Huber, J.C.; Schneeberger, C.; Tempfer, C.B. Genetic modeling of estrogen metabolism as a risk factor of hormone-dependent
disorders. Maturitas 2002, 41 (Suppl. 1), S55-S64. https://doi.org/10.1016/s0378-5122(02)00015-4.

Dumontheil, I; Roggeman, C.; Ziermans, T.; Peyrard-Janvid, M.; Matsson, H.; Kere, J.; Klingberg, T. Influence of the COMT
genotype on working memory and brain activity changes during development. Biol. Psychiatry 2011, 70, 222-229.
https://doi.org/10.1016/j.biopsych.2011.02.027.



