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Features of brain asymmetry have been implicated in a broad
range of cognitive processes; however, their origins are still
poorly understood. Using a new left-right symmetric, spa-
tiotemporal cortical surface atlas, we investigated cortical asym-
metries in 442 healthy term-born neonates using structural and
functional magnetic resonance images from the Developing Hu-
man Connectome Project. Cortical asymmetries observed in
the term cohort were contextualised in two ways: by compar-
ing them against cortical asymmetries observed in 103 preterm
neonates scanned at term-equivalent age, and by comparing
structural asymmetries against those observed in 1110 healthy
young adults from the Human Connectome Project. Our re-
sults demonstrate that the neonatal cortex is markedly asym-
metric in both structure and function, and while associations
with preterm birth and biological sex were minimal, signifi-
cant differences exist between birth and adulthood. Although
these changes may represent experience-dependent develop-
mental milestones, longitudinal studies across the lifespan are
required to fully address these hypotheses.

developing human connectome project | cortical surface | asymmetry |
resting-state networks | preterm birth
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Introduction

Asymmetry is an important feature of human brain organ-
isation!, implicated in a number of cognitive processes in-
cluding language* and face processing*. Changes to typi-
cal brain asymmetry have been associated with neurodevel-
opmental and psychiatric disorders including autism spec-
trum disorder>®, schizophrenia”®, obsessive-compulsive
disorder®, attention-deficit hyperactivity disorder'?, and
dyslexia'!. However, the origins of these asymmetries !> and
the factors affecting their development ' remain poorly un-
derstood.

Using magnetic resonance imaging (MRI) to characterise
cortical asymmetries in the neonatal period can help clar-
ify their ontogenesis '#. For example, one of the most well-
characterised structural asymmetries of the human cerebral

cortex is the right-deeper-than-left asymmetry of the supe-
rior temporal sulcus, which has been demonstrated in fe-
tuses '>1°, preterm !7!8 and term neonates '*2°, children and
adults 12122, Other sulcal depth asymmetries that have been
described include the rightward asymmetry of the parieto-
occipital sulcus in neonates 20 and adults !°, and the leftward
asymmetry of the lateral fissure '8-20.

In contrast, asymmetries of surface area and cortical thick-
ness during the neonatal period have received less attention.
Li et al. demonstrated leftward surface area asymmetries
in the precentral, postcentral, middle frontal and cingulate
gyri, temporal pole and insula; as well as rightward surface
area asymmetry in the inferior parietal, posterior temporal
and lateral occipital cortices>’; and rightward cortical thick-
ness asymmetries in the temporal and lateral occipital cor-
tices, and insula?. Functional asymmetries, measured us-
ing task-based functional MRI (fMRI), are also present at
birth and during infancy, and include lateralised responses

to speech>*%> and music 2.

Although biological sex has been associated with numerous
measures of neonatal brain structure and function?’, studies
investigating associations between cortical asymmetries and
biological sex are limited. Dubois et al. found an association
between biological sex and the emergence of sulci, with sulci
on the right hemisphere emerging significantly earlier than
the left in biological females, but not males !”. However, Li et
al. found no association between biological sex and cortical
thickness asymmetries in a longitudinal cohort of neonates
scanned at birth, 1 and 2 years of age?. Relationships be-
tween postmenstrual age (PMA) and cortical asymmetries in
neonates have received even less attention, with Dubois et
al. reporting no association between PMA and sulcal depth
asymmetry in preterm neonates born between 26 - 36 weeks
PMA 7. To our knowledge, no studies have investigated how
biological sex or PMA are associated with functional asym-
metry in the neonatal period.

While these studies have greatly advanced our understand-
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ing of brain asymmetry in early life, they also have impor-
tant limitations. Studies that compare cortical features based
on volumetric registration?*2-28-30 fail to account for struc-
tural and functional heterogeneity of the cortex, and can lose
statistical power due to residual misalignment between cor-
tical folds during registration3'-32. In the case of fMRI, this
may also lead to leakage of blood-oxygen-level-dependent
signal across adjacent cortical folds*. Likewise, previous
surface-based analysis of neonatal asymmetries have been
performed on a single population average template of brain
folding; whereas studies have repeatedly shown that corre-
spondence between subjects may be improved through use
of age-specific templates that better capture the dynamism of
cortical development over the perinatal period *4-3.

Results

The Developing Human Connectome Project (dHCP) is an
open-science project that has advanced image acquisition and
processing to produce a large cross-sectional set of multi-
modal MRI data in neonates between 24-45 weeks PMA. Us-
ing 887 scan sessions from 783 neonates (578 healthy term-
born), we developed a new left-right symmetric, surface-
based spatiotemporal atlas that models population average
changes in cortical morphology between 28-44 weeks PMA.
Following surface-based registration to this new template, we
investigated structural asymmetry in 442 healthy term-born
neonates at a vertex-wise level using permutation testing3’.
As there are only a limited number of studies directly test-
ing for functional asymmetry in the neonatal period>®, we
also investigated asymmetries of intrinsic cortical activity us-
ing resting-state fMRI (rs-fMRI) mapped to the cortical sur-
face, and tested for associations between cortical asymme-
tries, biological sex and PMA. Key demographic variables
are reported in Table 1 and Figure 1. Importantly, right hemi-
spheric volume was significantly greater than the left, with
a hemispheric volume asymmetry (left - right) of —1.8cm3
(=0.9--2.8,p < 0.001).

Structural Asymmetries in the Healthy Term Neonatal
Brain. Figure 2 and Figure 3 show asymmetry indices and
—10g10(P)mefive value maps, respectively, for sulcal depth,
surface area and cortical thickness. Only a limited number of
sulci demonstrated significant asymmetry (—10g10 (9)mefive >
1.3) after registration to a fully symmetric template (Meth-
ods: Creating Left-Right Symmetric Surface Atlas). Left-
ward asymmetry (left deeper than right) was observed for the
anterior and posterior lateral fissure. There was also right-
ward asymmetry (right deeper than left) of the middle portion
of the superior temporal sulcus.

Regarding surface area, there were leftward asymmetries
(left > right) located in the supramarginal, medial precen-
tral, postcentral, posterior cingulate, caudal anterior cingu-
late, caudal superior frontal and inferior temporal gyri, su-
perior lateral occipital lobe and anterior insula. There were
rightward asymmetries (right > left) located in the superior
and middle temporal, lingual, rostral anterior cingulate, ros-
tral superior frontal, middle frontal, and inferior frontal gyri,

insula and parieto-occipital sulcus.

Compared to the asymmetry indices for sulcal depth and sur-
face area, cortical thickness asymmetry indices were smaller
in magnitude (Figure 2). There were leftward cortical thick-
ness asymmetries (left > right) located in the supramarginal,
angular, precentral, postcentral, superior frontal, and inferior
temporal gyri, lateral occipital lobe and insula. There were
also rightward asymmetries (right > left) located in the supe-
rior temporal, middle temporal, caudal superior frontal and
anterior cingulate gyri, orbitofrontal cortex, precuneus, and
calcarine and parieto-occipital sulci. As a reference, asym-
metry indices for these structural measures are also reported
on a per-region basis (Figure S1).

Functional Asymmetry in the Healthy Term Neona-
tal Brain. Group independent component analysis (ICA) run
on the cortical surface generated 16 resting-state networks
which are shown in Figure S2. These include primary (so-
matosensory, medial and lateral motor, auditory, medial and
lateral visual) and association (rostral and caudal prefrontal,
motor association, medial and lateral parietal, temporopari-
etal and cingulo-opercular) networks. The asymmetry in-
dices of these networks were all within approximately the
same range, and were overall similar to the asymmetry in-
dices for sulcal depth and surface area (Figure 2). Significant
asymmetries were found in 11 of these networks (Figure 3).

Auditory Networks. Asymmetry in the auditory network com-
prised a leftward asymmetric region located along the ante-
rior end of the superior temporal gyrus. The temporopari-
etal network demonstrated a small leftward asymmetric re-
gion centred on the middle superior temporal sulcus.

Visual Networks. The primary and association visual cortices
demonstrated marked asymmetry. The medial visual network
consisted of a single rightward asymmetric region located on
the medial aspect of the occipital lobe. Rightward asymme-
tries in the dorsal visual association network were located in
the intraparietal sulcus and lateral occipital lobe, whilst right-
ward asymmetries in the ventral visual association network
were observed in the inferior occipital gyrus and part of the
posterior fusiform gyrus.

Sensorimotor Networks. In the medial motor network, a left-
ward asymmetric region was located on the dorsal aspect of
the central sulcus, and a rightward asymmetric region on the
dorsomedial aspect of the central sulcus. The lateral motor
network contained a leftward asymmetric region located in
the midportion of the central sulcus and a rightward asym-
metric region located on the inferolateral aspect of the cen-
tral sulcus and dorsal mid-insula. For the somatosensory net-
work, the leftward asymmetric region was located in the mid-
portion of the postcentral gyrus, and the rightward asymmet-
ric region on the inferolateral aspect of the postcentral gyrus.

(Proto) Default Mode and Control Networks. The precuneus
and lateral parietal networks demonstrated rightward asym-
metry, with asymmetry in the precuneus localised to the sub-
parietal sulcus and posterior cingulate gyrus, and asymme-
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try in lateral parietal network located on the intraparietal sul-
cus. The cingulo-opercular network demonstrated rightward
asymmetry centred on the caudal anterior cingulate gyrus.

Postmenstrual Age and Biological Sex. Associations be-
tween PMA and cortical asymmetries were minimal, with
surface area asymmetry in the anterior insula decreasing lin-
early with PMA, and surface area of a smaller region in the
mid-insula increasing linearly with PMA (Figure S3). Fig-
ure S4 shows the difference in asymmetry indices between
biological females and males (female - male) for all cortical
measures. No statistically significant associations between
biological sex and structural or functional cortical asymme-
tries were observed (Figure S5).

Preterm Birth.It is well known that neurodevelopment
in preterm neonates (born < 37 weeks gestational age
(GA)) is characterised by dysmaturation 39.40 and that those
born preterm have poorer long-term developmental and be-
havioural outcomes compared to their term-born counter-
parts*!~**. By comparing cortical asymmetries between the
same 442 term-born neonates and 103 preterm neonates at
term-equivalent age (TEA), we directly tested for associa-
tions between preterm birth and the development of struc-
tural and functional asymmetry in the newborn cerebral cor-
tex. Baseline demographic variables of the preterm cohort
are shown in Table 1 and Figure 1. As for the term cohort,
the right hemisphere in preterm neonates at TEA was signif-
icantly larger than the left, with a hemispheric volume asym-
metry of —1.9cm?3 (—0.9 - —3.0, p < 0.001).

Figure S6 shows the difference in asymmetry indices be-
tween term and preterm-born neonates (term - preterm) for all
cortical measures. Only one very small region in the anterior
insula exhibited a significant difference in cortical thickness
asymmetry between the term and preterm cohorts scanned at
TEA (term > preterm). No significant differences between
term and preterm neonates were observed in the other struc-
tural (sulcal depth and surface area) or functional cortical
asymmetries (Figure S7).

Structural Asymmetry Changes Between Birth and
Young Adulthood. Finally, despite the number of studies
assessing the trajectory of cortical asymmetries across the
lifespan®~7, there is little knowledge of how the cortical
asymmetries established at birth differ from those seen in
later life. To address this, we compared structural corti-
cal asymmetries seen in the term neonatal cohort with those
in 1110 healthy young adults from the Human Connectome
Project - Young Adult (HCP-YA). Participants had a median
(interquartile range (IQR)) age at scan of 29 (26 to 32) years,
and total brain volume of 999.0 cm? (925.5 to 108.0), and
median hemispheric volume asymmetry of —7.9cm? (—5.0
to —10.6, p < 0.001).

Figure 4a demonstrates the asymmetry indices of structural
asymmetries in the HCP-YA cohort. Significant sulcal depth
asymmetries were observed for the lateral fissure (leftward),
and superior temporal and parieto-occipital sulci (rightward).

Williams etal. | Asymmetry of the neonatal cortex

Leftward surface area asymmetries were observed in the lat-
eral postcentral, inferior temporal and superior frontal gyri,
lateral and medial occipital lobe, and superior temporal sul-
cus. Rightward surface area asymmetries were observed in
the superior temporal, middle temporal and cingulate gyri,
frontal lobe and insula. Cortical thickness asymmetry was
largely rightward asymmetric, with several regions of left-
ward asymmetry localised to the precentral, postcentral, in-
ferior temporal and parahippocampal gyri, and cingulate and
calcarine sulci (Figure 4c). Region-of-interest summaries of
these structural metrics are provided in Figure S1. There
were no linear associations with age (Figure 4e) but biolog-
ical sex was significantly associated with cortical thickness
asymmetry, with biological females having increased left-
ward asymmetry in the posterior middle and inferior temporal
gyri, and lateral occipital lobe compared to biological males
(Figure 4d).

Figure 4b also summarises previously published results from
Sha et al. (see Methods: Data Availability), who per-
formed vertex-wise cortical thickness and surface area asym-
metry analysis for 31,864 data sets from the UK Biobank
(UKB)*0_ These asymmetry maps are smoother than those
from our own analyses, as they are calculated on lower res-
olution surfaces (10,252 vertices per hemisphere, compared
to 32,492 vertices per hemisphere used here)*®. Leftward
surface area asymmetries were observed in the postcentral,
supramarginal and superior frontal gyri. Rightward surface
area asymmetries were observed in the posterior temporal,
lateral occipital and inferior parietal lobes. For cortical thick-
ness, leftward asymmetries were observed for the postcentral
gyrus, frontal lobe and cingulate sulcus. Rightward cortical
thickness asymmetries were seen in the superior temporal,
middle temporal and supramarginal gyri, lateral occipital and
inferior parietal lobes, and parieto-occipital sulcus.

Finally, Figure 5 displays results comparing structural asym-
metries between neonates and adults. The magnitude of
asymmetry indices were similar between both populations
(Figure 5a and Figure 5b). Young adults had higher surface
area asymmetry indices (left > right) compared to neonates
along the length of the superior temporal sulcus/gyrus, and
superior portion of the parieto-occipital sulcus. In contrast,
neonates had higher cortical thickness asymmetry indices
(left > right) in the supramarginal and lingual gyri, lateral
occipital, inferior parietal, and temporal cortices, and anterior
and posterior insula. No differences in sulcal depth asymme-
tries were observed between these two groups (Figure 5c).

Discussion

This paper addresses a number of outstanding questions con-
cerning the development of cortical asymmetry in the neona-
tal period, including associations with biological sex, PMA
and preterm birth. It also directly assesses how structural
cortical asymmetries differ between birth and young adult-
hood using two large-scale, state-of-the-art, publicly avail-
able datasets. In all cases, analysis was contingent on ac-
curate correspondence of features between hemispheres and
across individuals, which was achieved through: 1) develop-
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ment of a novel left-right symmetric, spatiotemporal corti-
cal surface atlas (based on work described in Bozek et al.3¢
and Garcia et al.’!), and 2) biomechanically-constrained
surface registration to this template using Multimodal Sur-
face Matching (MSM)32°3 and template-to-template regis-
tration3*-3%. Overall, our findings highlight the sensitivity of
surface-based analysis methods for detecting both structural
and functional cortical asymmetries, which have been previ-
ously underestimated. They also underscore the advances in
image acquisition and processing that have been made as part
of large-scale neuroimaging consortia.

Our results not only replicate findings reported in earlier
neonatal studies, but also identify new asymmetries that have
previously been observed in older cohorts. The rightward
depth asymmetry of the superior temporal sulcus and left-
ward depth asymmetry of the lateral fissure presented here
are in agreement with previous studies in preterm neonates
both before and at TEA'®. Of the surface area asymme-
tries reported by Li et al., we replicate leftward asymmetry
of the postcentral and caudal cingulate gyri, temporal pole
and anterior insula, and rightward asymmetry in the inferior
parietal, posterior temporal and inferior lateral occipital cor-
tices2’. We also replicate cortical thickness asymmetries ob-
served in the superior and middle temporal gyri?>.

Our results further build upon earlier studies by identifying
novel asymmetries in both surface area and cortical thick-
ness. Regarding surface area, we observed leftward asymme-
try in the superior lateral occipital lobe, and rightward asym-
metry spanning the superior frontal, middle frontal, inferior
frontal and rostral anterior cingulate gyri, medial occipital
lobe, and mid-insula. For cortical thickness, we found left-
ward asymmetry of the inferior temporal, supramarginal, an-
gular, precentral and postcentral gyri, lateral occipital lobe
and insula, and rightward asymmetry of the caudal superior
frontal and anterior cingulate gyri, orbitofrontal cortex, pre-
cuneus, and calcarine and parieto-occipital sulci. Some of
these newly recognised asymmetries have been described in
older cohorts. For instance, Zhou et al. demonstrated right-
ward asymmetry of cortical thickness in the inferior frontal
gyrus and medial occipital lobe, and leftward asymmetry of
cortical thickness in the supramarginal and angular gyri, and
lateral occipital lobe in children and adolescents*®. More re-
cently, Roe et al. demonstrated rightward surface area asym-
metry of the medial occipital lobe and caudal anterior cingu-
late gyrus from as early as 4 years of age*’.

Although functional asymmetries have not previously been
investigated using surface-based analyses, our findings are
consistent with volumetric-based studies in neonates and
adults. Studies investigating language using speech stimuli
in task-based fMRI have shown leftward asymmetric acti-
vation along the peri-Sylvian region in neonates?*?>, chil-
dren>* and adults>3. The leftward asymmetry of the au-
ditory network seen here is also consistent with leftward
asymmetries in auditory networks observed in children* and
adults>, and might be related to a leftward asymmetric in-
crease in fractional anisotropy of the arcuate fasciculus that
has been observed in neonates?*® and adults>’~%. Addi-

tionally, we identified a region of leftward asymmetry in the
temporoparietal network centred on the middle portion of
the superior temporal sulcus. Together, the asymmetries of
the auditory and temporoparietal networks share the same
anatomical landmarks as the anterior and middle temporal
voice areas, respectively®”. These areas constitute part of a
functional network responsible for processing voice>*%" that
appears to be closely associated with the rightward depth
asymmetry of the superior temporal sulcus>>°!. The pres-
ence of this rightward superior temporal sulcus asymmetry
in humans across the lifespan (in both health and disease),
but not in non-human primates, suggests that this asymmetry
might be related to the evolution of human-specific cogni-
tive abilities such as language?'. Moreover, the depth asym-
metry of the superior temporal sulcus has been associated
with two genes (DACTI and DAAMI), which are mainly ex-
pressed during prenatal brain development®. These findings
lend further support to the importance of cortical asymme-
tries in the peri-Sylvian region for language development in
early life.

The marked asymmetries observed in the neonatal visual net-
works resemble those seen in adults. Specifically, our find-
ings demonstrate rightward asymmetry of the dorsal visual
association network along the intraparietal sulcus, which has
been implicated in spatial attention®’. Additionally, there
was a small region of rightward asymmetry in the lateral oc-
cipital lobe, which contains cortical areas involved in bio-
logical motion perception in infants®* and adults®>. We also
observed rightward asymmetry in the ventral visual associ-
ation network, localised to the inferior occipital gyrus and
part of the fusiform gyrus, which is consistent with right-
ward asymmetric electroencephalographic responses to face-
like stimuli in the occipitotemporal cortex of neonates® and
infants®’. Furthermore, it is well established that there are
right-hemispheric preferences for spatial attention, biologi-
cal motion perception, and face processing in adults°®. Com-
bined, these findings suggests that functional asymmetries
in visual association networks may underlie the right hemi-
spheric specialisation of spatial attention, biological motion
and face processing seen in later life.

In addition to recapitulating well-documented functional
asymmetries in the auditory and visual systems seen in adult-
hood, we observed a pattern of functional asymmetry in
the somatomotor networks that might reflect the somato-
topic organisation of the sensorimotor cortex ®*~7!. Namely,
the somatosensory and lateral motor networks showed left-
ward asymmetry in the upper limb region of the somatotopic
map®. This functional asymmetry might be associated with
microstructural asymmetry (increased fractional anisotropy)
of the left corticospinal tract compared to the right, which has
previously been demonstrated in neonates?’, adolescents’?
and adults73. It has also been shown that leftward lateral-
isation of motor network connectivity was associated with
better motor performance in children’#, and that motor cir-
cuit connectivity in children diagnosed with autism spectrum
disorder was more rightward asymmetric compared to chil-
dren without autism spectrum disorder”>. This asymmetry
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may also relate to handedness, as genomic loci associated
with handedness 777 are also associated with brain asymme-
try and are expressed during prenatal brain development 8.

The somatosensory and lateral motor networks also demon-
strated rightward asymmetry in the mouth region in the so-
matomotor homunculus which, in neonates, includes the
mid-dorsal insula®. We hypothesise that this rightward
asymmetry is important for the development of swallowing
in the neonatal period. Swallowing is a highly complex mo-
tor function that is represented across a number of cortical
areas including the primary somatomotor cortices ’® and mid-
insula®%8!. Moreover, swallowing is initiated in response to a
number of stimuli’®, two of which (taste and interoception),
are represented in the right mid-dorsal insula®?. Together,
this rightward asymmetry seen in neonates could reflect inte-
gration of sensorimotor, taste and interoceptive information
that is critical for the development of swallowing.

Not all of the networks identified during the neonatal period
demonstrated significant functional asymmetry. In particular,
few association networks were asymmetric, which is con-
sistent with previous work showing that the maturation of
resting state networks in neonates follows a sequence from
primary to association areas >3, Moreover, as association
networks have been implicated with higher-order cognitive
processes in adults, the emergence of asymmetries in these
networks may be more experience-dependent. For instance,
functional asymmetries in the frontal cortex have been as-
sociated with emotional regulation®”-88, reward responses®’
and cognitive set shifting (the process of consciously redi-
recting attention)®°. Further research is required to establish
how functional asymmetries at birth relate to cognition and

behaviour in later life.

In contrast to 1720, we observed no associations between bi-

ological sex and structural or functional asymmetries in the
neonatal period. Recent work by Williams et al. demon-
strated that both total brain volume and hemispheric volume
asymmetry were important explanatory variables when in-
vestigating differences in cortical asymmetries between bi-
ological sexes”!. The absence of these covariates in previous
analyses may be one explanation of why the results presented
here differ. Our results also suggest that observed sex-related
differences in cortical asymmetry 121! likely emerge in later
life. Further research is required to address when and how
these sex-related differences in asymmetries emerge.

Associations between PMA and cortical asymmetries were
minimal, with surface area asymmetry in the anterior insula
decreasing with age, and surface area asymmetry in the mid-
insula increasing with age. The relative lack of age-related
associations with cortical asymmetries is consistent with pre-
vious studies !”-?3, but also striking given the highly dynamic
nature of cortical development over this period. One limita-
tion of the current analysis is that it only tests for linear asso-
ciations. As non-linear age associations with cortical asym-
metries have been recently demonstrated from 4 - 89 years of
age*’, future work should investigate whether similar trends
exist in the perinatal period.

Given the marked impact that preterm birth has on cortical
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morphology and functional connectivity ,it was
surprising to find minimal differences in cortical asymme-
try between preterm and term-born neonates at TEA. This
is in contrast to Kwon et al., who found differences in func-
tional asymmetry between preterm and term-born neonates at
TEA 8. However, that study was limited by relatively small
sample sizes3®. Moreover, previous work has shown that
structural asymmetries in preterm®’ and term '*2° neonates
are similar, and recently, Liu et al. reported no differ-
ences in white matter asymmetry between preterm and term-
born neonates at TEA?. Together, these findings indi-
cate that brain asymmetries may be robust to the effects of
preterm birth, and that "multiple hits" are required to dis-
rupt brain asymmetry (for example, preterm birth and poly-
genic risk)?>!%°, This may explain why cortical asymme-
try is altered in psychiatric and neurodevelopmental disor-
ders like schizophrenia’® and autism spectrum disorder>?®,
which have complex and multifactorial aetiologies '°1:19%. An
important caveat is that we did not investigate how the de-
gree of preterm birth affected cortical asymmetries. Decreas-
ing GA at birth (especially <28 weeks) is associated with a
higher incidence and severity of neurodevelopmental seque-
lae*!**, but our preterm cohort largely consisted of neonates
born moderate-to-late preterm (born between 3219 - 3676
weeks) (see Figure 1 and Table 1). This might also explain
why our findings differ from Kwon et al. 3.

Assessing structural asymmetry within the HCP-YA was per-
formed as an initial step towards investigating differences be-
tween neonates and adults. We also qualitatively compared
these results against mean structural asymmetry maps cal-
culated in 31,864 UKB participants*®. Although these av-
erage maps bear some resemblance to our own results, they
also demonstrate important differences including 1) leftward
surface area asymmetry in medial occipital lobe in HCP-YA,
but rightward in UKB and 2) rightward asymmetry in frontal
lobe in HCP-YA but leftward in UKB. This is perhaps unsur-
prising as a number of important differences exist between
this study and ours in terms of image acquisition, process-
ing and analysis. Specifically, the input data in this study
is of higher resolution, which is important as Glasser et al.
demonstrated the benefit of reducing voxel size from Imm
isotropic to 0.7mm isotropic on the accuracy of cortical thick-
ness measurements, especially in areas such as the medial
occipital lobe where cortical ribbon is thinner'%3. We also
performed statistical analysis on higher resolution surfaces
(32,492 compared to 10,252 vertices), which likely explains
the higher resolution features of the asymmetry analysis in
Figure 4 relative to Sha et al.*8. Although Roe et al. re-
ported high correlation of vertex-wise structural asymmetries
between the HCP-YA and UKB on higher resolution cortical
surfaces*’, surface extraction using only T1-weighted (T1w)
images (rather than both T1lw and T2-weighted (T2w) im-
ages) and high spatial smoothing were image processing de-
cisions that did not fully capitalise on the quality of the HCP-
YA data'®3,

Unlike sulcal depth, the direction of surface area and cortical
thickness asymmetries significantly differed between birth
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and adulthood. These asymmetry reversals might represent
neurodevelopmental milestones. Shaw et al. demonstrated
that the pattern of cortical thickness asymmetries observed in
the orbitofrontal (left > right) and lateral occipital (right >
left) cortices during childhood reversed by adulthood. More-
over, the reversal in orbitofrontal cortical thickness asymme-
try between childhood and adulthood was disrupted in those
with attention-deficit hyperactivity disorder %4, Previous lon-
gitudinal studies assessing cortical asymmetries *>*7-1 have
not considered the perinatal period, which is one of the most
dynamic phases of brain development'%. As our results are
cross-sectional, longitudinal studies mapping cortical asym-
metries from the perinatal period onwards will be impor-
tant for characterising asymmetry reversals in typical devel-
opment, and how they relate to the acquisition of new be-
haviours.

Such studies may also shed light on how these asymmetries
emerge. For example, it has been suggested that cortical
thickness asymmetries are, in part, experience-dependent and
arise through processes such as intracortical myelination*’
(which is inversely correlated with cortical thickness 199).
On the other hand, surface area asymmetries are thought to
reflect the organisation of cortical minicolumns established
prenatally?’, with postnatal changes potentially occurring
as a result of genetically-programmed developmental pro-

cesses 7, such as apoptotic cell death '%%.

The similarity of sulcal depth and surface area asymmetries
between neonates and adults suggest that these are broadly
conserved, and may explain why the asymmetry indices of
these measures are higher than the asymmetry indices of cor-
tical thickness seen here and elsewhere*’*®. It is possible
that such conservation is, at least in part, genetically deter-
mined. Recent work investigating the genomic loci underpin-
ning structural brain asymmetries has implicated genes that
are expressed during prenatal brain development’®, which
are involved in molecular pathways responsible for left-right
axis patterning in vertebrates’®, visual and auditory path-
way development !%°, neural activity during development of
the somatosensory cortex ''%, and regulation of axonal guid-
ance and synaptogenesis'!'!. There is also evidence that
gene expression during prenatal brain development is asym-
metric''2. Whilst genetic factors likely play a role in driv-
ing cortical asymmetries, they do not fully account for why
these asymmetries, particularly functional asymmetries, are
present at birth. There is emerging evidence suggesting that
structural and functional connectivity preceding task-based
function may represent a general mechanism of cortical de-
velopment '35 Our results could represent an extension
of this mechanism, whereby asymmetric functional connec-
tivity precedes asymmetric task-based function in the audi-
tory, visual and somatomotor networks.

An important methodological consideration in this study was
the modality driving surface registration. Cortical surfaces
were registered to a symmetric template using sulcal depth
maps, which may have impacted the investigation of func-
tional asymmetry, particularly in cortical regions where struc-
tural and functional correspondence is poor!'®. An appeal-

ing alternative was to drive registration in a multimodal man-
ner, and assess both structural and functional asymmetries
using the HCP_MMP1.0 atlas ''®. However, as the intersub-
ject correspondence of secondary and tertiary sulci is rela-
tively poor following multimodal alignment3%!1° such an
approach would have limited the ability to detect sulcal depth
asymmetries compared to the approach used here (Figure
S8). Moreover, multimodal registration of neonatal cortical
surfaces to the HCP_MMP1.0 template assumes that regis-
tration may be driven with the same cortical features (resting
state networks, T1w/T2w ratio and visuotopic maps) as used
for adults, which requires that they are present and have com-
parable topography in neonates. However, current evidence
suggests that this is not the case!!”!!8. Ultimately, multi-
modal registration of neonates to the adult HCP_MMP1.0
template is non-trivial, and outside the scope of this current
work.

In conclusion, many cortical asymmetries seen later in life
are already present at birth, and are minimally associated
with preterm birth. Moreover, associations between bio-
logical sex and cortical asymmetries only appear to emerge
after the neonatal period. Marked differences in corti-
cal thickness asymmetries between neonates and young
adults may represent developmental milestones that occur
through experience-dependent mechanisms such as intracor-
tical myelination. However, as our results are based on two
cross-sectional cohorts, longitudinal studies across the lifes-
pan, beginning in the perinatal period, are required to fully
address these hypotheses.

Methods

Participants.

Developing Human Connectome Project. Neonates were par-
ticipants in the dHCP, approved by the National Research
Ethics Committee (REC: 14/L0o/1169), and were scanned at
the Evelina Newborn Imaging Centre, Evelina London Chil-
dren’s Hospital between 2015 and 2019. Written consent
was obtained from all participating families prior to imag-
ing. Term neonates were included if they were born between
3710 and 4116 weeks GA, if they were scanned > 3770
weeks PMA, and if both structural and functional data were
available. Preterm neonates were included if they were born
<3710 weeks GA, if they were scanned > 371" weeks PMA,
and if both structural and functional data were available. Both
term and preterm neonates were excluded if their scans had
incidental findings with possible/likely significance for both
clinical and imaging analysis (e.g. destructive white matter
lesions). However, incidental findings with possible clinical
significance but unlikely analysis significance were permissi-
ble!'"”.

Human Connectome Project. Our choice of adult dataset
was motivated by quality (current state-of-the-art in healthy,
young adults) and size (a sample size that is still consid-
ered large, and is amenable to vertex-wise permutation test-
ing at sufficiently high resolution, which we define as 32,492
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vertices per hemisphere). We included 1110 healthy young
adults (605 biological females) who participated in the HCP-
YA, approved by the internal review board of Washington
University in St. Louis (IRB #201204036). These par-
ticipants were recruited from ~300 families of twins and
their non-twin siblings '?°, provided written informed con-
sent prior to imaging and were scanned at Washington Uni-
versity in St. Louis between 2012 and 2015. Inclusion and
exclusion criteria for the HCP-YA can be found in'% (Sup-
plementary Table 1) - of note, preterm birth was one of these
exclusion criteria. No statistical methods were used to pre-
determine sample sizes in either cohort.

MRI Acquisition.

Developing Human Connectome Project. MRIs were ac-
quired in a single scan session for each neonate using a 3-
Tesla Philips Achieva system (Philips Medical Systems, Best,
The Netherlands). Full details regarding the preparation of
neonates for scanning have been previously described '2!. In
brief, all neonates were scanned without sedation in a scan-
ner environment optimised for neonatal imaging, including a
dedicated 32-channel neonatal coil. MR-compatible ear putty
and earmuffs were used to provide additional noise attenua-
tion. Neonates were fed, swaddled and positioned in a vac-
uum jacket prior to scanning to promote natural sleep. All
scans were supervised by a neonatal nurse and/or paediatri-
cian who monitored heart rate, oxygen saturation and tem-
perature throughout the scan '?!.

T2w scans were acquired with a repetition time/echo time
(TR/TE) of 12s/156ms, SENSE=2.11/2.58 (axial/sagittal)
with in-plane resolution of 0.8 x 0.8mm, slice thickness of
1.6mm and overlap of 0.8mm. Images were motion corrected
and super-resolved to produce a final resolution of 0.5mm
isotropic (full details in Cordero-Grande et al.'??). fMRI
scans were acquired over 15 minutes and 3 seconds (2300
volumes) using a multislice gradient-echo echo planar imag-
ing sequence with multiband excitation (multiband factor 9).
TR/TE was 392ms/38ms, flip angle was 34°, and the acquired
spatial resolution was 2.15mm isotropic 23124,

Human Connectome Project. Full details regarding image ac-
quisition have been previously reported 1°>12%. Images were
acquired on a customised 3-Tesla Siemens Skyra (Siemens
AG, Erlangen, Germany) using a 32-channel head coil. T1w
scans (3D MPRAGE) were acquired with a TR/TE of 2400
ms/2.14 ms, and inversion time of 1000 ms, and flip angle
of 8°. T2w scans (Siemens SPACE) were acquired with a
TR/TE of 3200 ms/565 ms '*°.

Surface Extraction and Cortical Feature Generation.

Developing Human Connectome Project. The full details of
the structural pipeline are described in Makropoulos et al. '8,
In summary, motion-corrected, reconstructed T2w images
were first bias-corrected and brain-extracted. Following this,
images were segmented into different tissue types using the
Draw-EM algorithm '8, Next, topologically correct white
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matter surfaces were fit first to the grey-white tissue boundary
and then to the grey-white interface of the MR intensities '2°.
Pial surfaces were generated by expanding each white mat-
ter mesh towards the grey-cerebrospinal fluid interface 18126,
Separately, an inflated surface was generated from the white
surface through a process of inflation and smoothing. This in-
flated surface was then projected to a sphere for surface reg-
istration. The structural pipeline generated a number of uni-
variate features summarising cortical morphology. Of these
we used: cortical thickness (estimated as the Euclidean dis-
tance between corresponding vertices on the white and pial
surfaces); sulcal depth (estimates of mean surface convex-
ity/concavity !'®); and surface area (calculated using the pial
surface), estimated for each vertex as one third the area of
each triangle it is a part of '>’. Cortical thickness and surface
area were corrected for folding bias by regressing out corti-
cal curvature '2%12% | which is the same approach as the HCP
minimal preprocessing pipeline 3.

Human Connectome Project. We used minimally prepro-
cessed structural data, which is described in full by Glasser et
al.'%3. Briefly, the PreFreeSurfer pipeline involves: correct-
ing MR gradient nonlinearity-induced distortions; brain ex-
traction; image intensity bias correction using the method de-
scribed in Glasser et al. '?%; and correcting readout distortion.
The distortion- and bias-corrected structural volumes were
then passed through the Freesurfer pipeline which is a be-
spoke version of the FreeSurfer ~-recon-all command 3"
that adjusts placement of the pial surface by exploiting in-
tensity differences at the pial-cerebrospinal fluid boundary
between T1w and T2w images. This modification ensures
that lightly myelinated cortical grey matter is not artefactu-
ally excluded'?. The FreeSurfer pipeline generates mea-
sures of sulcal depth, cortical curvature and uncorrected cor-
tical thickness. Surface area (calculated in the same manner
as for the dHCP), and cortical thickness were corrected for
folding bias as above.

Creating Left-Right Symmetric Surface Atlas. A prereq-
uisite for investigating cortical asymmetry at a vertex-wise
level is registration to a single template space with left-right
vertex-wise correspondence. Moreover, to account for rapid
morphological changes of the neonatal cortex, registration
to a template space should be achieved using template-to-
template registration with a spatiotemporal atlas. To achieve
this, the pre-existing dHCP spatiotemporal atlas® was ex-
tended, both to increase the age range covered by the tem-
plate from 36-44 weeks PMA to 28-44 weeks PMA, and
to enforce left-right symmetry of cortical shape (Figure 6).
Figures S9 to S12 show population average templates for
the white matter surfaces, sulcal depth, cortical thickness
and T1w/T2w ratio maps spanning 28 to 44 weeks PMA.
Templates were generated following initial rigid (rotational)
alignment of all neonatal data to the HCP-YA fs_LR 32k
template space. Preliminary neonatal templates were gen-
erated by averaging within each postmenstrual week using
adaptive-kernel weighting3. These were refined through re-
peated non-linear registration of examples to their closest


https://doi.org/10.1101/2021.10.13.464206
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.13.464206; this version posted July 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

weekly template using MSM>%33, until the variability of the
templates converged. Bias towards the adult reference was
removed by applying the inverse of the average affine trans-
formations on the template and dedrifting the template 31132,
Data used to generate these templates were neonates included
as part of the 3rd dHCP release 133 which included 887 scan
sessions from 783 neonates (578 healthy term-born; 683 sin-
gletons; 360 females). Neonates had a median GA at birth of
39.0 weeks (IQR: 34.4 - 40.5; range: 23.0 - 43.6), and me-
dian PMA at scan of 40.9 weeks (IQR: 38.6 - 42.3; range:
26.7 - 45.1). Full demographic data for this data release are
available online (see Methods: Data Availability).

Left-right vertex correspondence was achieved using
MSM 23 to co-register the left and right sulcal depth maps
from each postmenstrual week of the atlas. In each case, reg-
istration was run in left-to-right and right-to-left directions
(replicating the approach used in Garcia et al.>!). Deforma-
tion maps of the left-to-right and the inverse of the right-to-
left registrations were then averaged to generate an interme-
diate symmetric template space onto which all data (sulcal
depth, cortical thickness, T1w/T2w ratio maps, and anatom-
ical meshes) for a given postmenstrual week were resam-
pled. Despite vertex correspondence between the left and
right hemispheres, residual asymmetries persist due to dif-
ferences in sulcal morphology. These residual asymmetries
were removed by averaging the left and right sulcal depth
templates (Figure 6).

Finally, registration was performed between all consecutive
symmetric templates, for example from 30 to 31 weeks and
31 to 32 weeks, in order to generate a set of spherical trans-
formations that, once concatenated, allow direct mapping
from each local PMA template to the 40-week PMA tem-
plate3*3. A further resampling step was then performed to
get local template metrics and anatomical meshes into 40-
week PMA symmetric template space. As the fs_LR 32k
template used in the HCP-YA pipeline already has vertex cor-
respondence 134, residual asymmetries were removed by av-
eraging the left and right sulcal depth templates.

Registration to Symmetric Surface Atlas.

Developing Human Connectome Project. To accurately map
structural asymmetry across all parts of the cortex, registra-
tion was run from all subjects’ native space to their local sym-
metric template space, using MSM>>3 optimised for align-
ment of sulcal depth features (see Methods: Code Availabil-
ity). The subject native-to-local PMA template registration
deformation was combined with the local-to-40 week PMA
registration deformation to create a single native-to-40 week
PMA registration deformation for each example. Subject
metrics and anatomical meshes were subsequently resampled
from their native space to the 40-week PMA template corti-
cal surface in a single step using adaptive barycentric inter-
polation !°3, using this native-to-40 week PMA registration
deformation.

Human Connectome Project. Although structurally aligned
cortical surface data (termed MSMSulc) have been publicly

released as part of the HCP-YA, registration was optimised
for functional alignment rather than folding alignment, and
so offers weaker correspondence of cortical folds across sub-
jects'3%. Since the objective of this analysis was to assess
the correspondence of structural asymmetries from birth to
adulthood, native-to-template registration was re-run for the
HCP-YA subjects using MSM>>3 optimised for correspon-
dence of sulcal depth across subjects (see Methods: Code
Availability). Subject metrics and anatomical meshes were
resampled from their native space to the HCP-YA fs_LR 32k
sulcal depth template using adaptive barycentric interpola-
tion '3,

Neonatal to Adult Registration. Comparison of structural cor-
tical asymmetries between birth and adulthood was achieved
by registering the symmetric dHCP 40-week PMA sulcal
depth template to the symmetric HCP fs_LR 32k sulcal depth
template using MSM>>>3 creating a template-to-template
registration deformation. This deformation was then used to
resample single subject structural cortical asymmetry maps
from neonatal to adult space.

rs-fMRI Preprocessing. We extended the dHCP functional
pipeline '>* to the cortical surface by projecting individual
subject rs-fMRI timeseries from the native rs-fMRI volume
space to native subject surfaces warped into rs-fMRI volu-
metric space, using a ribbon-constrained volume-to-surface
mapping method similar to the HCP pipeline!?®. These
surface rs-fMRI maps were then resampled onto the 40-
week PMA symmetric surface template space using the MSM
native-to-40 week PMA template space registration deforma-
tions above. After resampling to symmetric surface space, rs-
fMRI time