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Abstract

Perinatal brain injuries in preterm neonates are associated with alterations in structural neurodevelopment, leading to
impaired cognition, motor coordination, and behavior. However, it remains unknown how such injuries affect postnatal
cortical folding and structural covariance networks, which indicate functional parcellation and reciprocal brain
connectivity. Studying 229 magnetic resonance scans from 158 preterm neonates (n =158, mean age =28.2), we found that
severe injuries including intraventricular hemorrhage, periventricular leukomalacia, and ventriculomegaly lead to
significantly reduced cortical folding and increased covariance (hyper-covariance) in only the early (<31 weeks) but not
middle (31-35 weeks) or late stage (>35 weeks) of the third trimester. The aberrant hyper-covariance may drive acceleration
of cortical folding as a compensatory mechanism to “catch-up” with normal development. By 40 weeks, preterm neonates
with/without severe brain injuries exhibited no difference in cortical folding and covariance compared with healthy term
neonates. However, graph theory-based analysis showed that even after recovery, severely injured brains exhibit a more
segregated, less integrated, and overall inefficient network system with reduced integration strength in the dorsal
attention, frontoparietal, limbic, and visual network systems. Ultimately, severe perinatal injuries cause network-level
deviations that persist until the late stage of the third trimester and may contribute to neurofunctional

impairment.
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Introduction and mechanism for impairment (Kodric et al. 2014; Maggi et al.

Preterm infants are at profound risk for neurological deficits
across several domains, including cognition, motor coordina-
tion, and behavior (Woodward et al. 2006; Geva et al. 2014).
Such deficits are usually not detected until later childhood,
and it is often difficult to pinpoint the developmental origin

2014). Various perinatal brain injuries, such as intraventricular
hemorrhage (IVH), white matter injury (WMI), including
focal cystic necrotic lesions (commonly called periventricular
leukomalacia or PVL) and noncystic white matter abnormalities
(Miller et al. 2003) as well as ventriculomegaly (VM) are leading
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drivers of neurodevelopmental deficits (Hamrick et al. 2004;
Miller et al. 2005) (Table 3). Despite the abundance of studies
that have attempted to characterize normative patterns of early
brain growth, little is known regarding the influence of perinatal
brain injury on early structural development coursing from
prenatal to postnatal childhood. Thus, it remains a paramount
goal to identify how specifically perinatal neurological injuries
affect the developmental trajectory of cerebral morphol-
ogy and network connectivity in the early postnatal time
frame.

Among various morphological characteristics, cortical fold-
ing is indicative of early development of the brain as a con-
nected system. For instance, it has been hypothesized that cor-
tical folding is driven by multiple factors (Ronan and Fletcher
2015) including 1) tangential expansion of the cortex causing an
increase in tangential pressure or tension along white matter
axons in cortico-cortical connections (Van Essen 1997; Chen
et al. 2013; Zilles et al. 2013) and 2) proliferative radial glial cell
units originating from the cerebral ventricle that evolve into
a mosaic of interrelated ontogenetic columns responsible for
cerebral morphological development (Rakic 1988). Furthermore,
cortical folding is an established biomarker of brain functional
development (Dubois et al. 2008) and is dependent upon a highly
coordinated neural proliferative process of radial glial cells that
dictate cortical folding and parcellate the cerebrum into cytoar-
chitectonic areas (Rakic 1988). And in contrast to other corti-
cal morphology, cortical folding uniquely expands dramatically
within the third trimester during which most secondary sulci
and gyri have formed (Chi et al. 1977; White et al. 2010)

The dramatic expansion of cortical folding primarily occur-
ring in the 3rd trimester is also the period when most preterm
births occur, making it crucial to examine the brain in this spe-
cific window of neurodevelopment. Not surprisingly, abnormal
cortical folding is associated with numerous neuropsychiatric
and developmental disorders (Van Essen et al. 2006; Nordahl
et al. 2007; Cachia et al. 2008). Past studies importantly demon-
strate that preterm birth and its associated injuries lead to
aberrant cortical folding (Lefevre et al. 2016). Likewise, anal-
ysis of cortical folding in nonhuman primates demonstrated
that neurological insult interestingly drives the onset of new
and aberrant cortical folding at specific periods of gestation
(Goldman-Rakic and Rakic 1984). However, no study to date has
elucidated how neurological injury affects folding expansion
and its associated covariance networks specifically in preterm
neonates.

In order to measure cortical folding patterns, our study lever-
aged the sulcal depth metric variation along regional sulcation
and gyration. This sulcal depth measurement is a 3D form
of quantifying cortical folding complexity, extending upon the
seminal 2D gyrification index (Zilles et al. 1988). We deemed
sulcal depth as the superior parameter for covariance analy-
sis, since sulcal depth has the highest density and overlap of
corticocortical connections as well as weak thalamic projec-
tions (Goldman-Rakic and Schwartz 1982) as opposed to gyri
which receive strong projections from the thalamus (Welker and
Campos 1963). In fact, innervation to the cortex by brain stem
monoamine input is more abundant in the sulcal invaginations
than at the curvature of gyri (Levitt et al. 1984).

However, although quantitative analysis of cortical folding
may uncover pathological deviations, it alone may not have
the capacity to fully elucidate the structural or functional inte-
gration and segregation among different brain regions. Struc-
tural covariance networks are derived from statistically robust

correlations between morphometrics measured in two brain
regions and are highly coordinated throughout maturational
events from the embryo through adulthood (Mechelli et al. 2005;
Lerch et al. 2006). They are observed in normally developing and
aging brains (Raznahan et al. 2011; Khundrakpam et al. 2013)
and are altered in numerous diseases including Alzheimer’s
Disease, schizophrenia, multiple sclerosis, and autism (Bassett
and Bullmore 2009; Sharda et al. 2016). Although altered struc-
tural covariance is known to be present in adolescents who
survived after preterm birth (Nosarti et al. 2011), it is unknown
whether such alterations are a result of perinatal brain injuries
or postnatal changes.

The purpose of our study, using a large database of preterm
neonates, was to compare 1) cortical folding measurements, 2)
sulcation-based structural covariance networks, and 3) Bayley
Scales of Infant Development measured at age 18 months
among three groups: healthy term (HT); noninjured to mildly
injured (NMI) preterm; and severely injured (SI) preterm
neonates (defined in the Methods). We partitioned the third
trimester (26-40 weeks of GA) into equidistant three-time
frames (early: 26-30 weeks, middle: 31-35, late: 36-40) to capture
spatiotemporal patterns of each group’s cortical folding and
covariance networks in the 3rd trimester—a developmental
period critical for the folding process. We hypothesized that,
compared with NMI preterm neonates and term neonates, SI
preterm neonates would exhibit a temporally varying pattern
of pronounced aberration in the regional morphology and
covariance/coupling of cortical folding. Our study is the first
to spearhead novel structural covariance analysis of cortical
folding in term and preterm neonates.

Materials and Methods
Subjects

Our dataset comprised of 158 preterm (mean postmenstrual age
at birth [PMA] =28.3 £ 1.9 weeks; range 24-33 weeks), admitted
to UCSF Benioff Children’s Hospital San Francisco between June
2006 and March 2015 (Table 1). Most subjects were scanned
twice but some scans were excluded due to a large amount
of motion artifact, resulting in a total of 229 MRI scans. Other
exclusion criteria included 1) clinical evidence of a congenital
malformation or syndrome, 2) congenital infection, and 3)
newborns too clinically unstable for transport to and from
the MRI scanner. Parental consent was obtained for all cases
following a protocol approved by the Institutional Committee on
Human Research. All patients were scanned postnatally as soon
as they were clinically stable (PMA at scan: 31.6 +1.8 weeks;
range 26.7-43 weeks), and 71 patients were rescanned before
discharge at late preterm age. Sedation was used only with
parental consent and when subjects initially moved enough
to cause imaging artifact. Approximately 50% of the cohort
received sedation, usually pentobarbital in small doses. In the
current study, we also included 40 term newborns scanned
through the Developing Human Connectome Project (dHCP,
http://www.developingconnectome.org) for the comparison
of healthy development with the standardization of preterm
neonate’s features.

MRI Acquisition

Customized MRI-compatible incubators with specialized head
coils were used to provide a quiet, well-monitored environment
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Table 1 Demographic and clinical characteristics for preterm
neonates

Demographic

Subjects (n) 158

MRI scans (n) 229

Sex: male (n) 131

GA at birth (weeks, mean + SD) 28.24+2.0

PMA at MRI
1st scans 31.6+19
2nd scans 359+1.9

Characteristic ?
Maternal/antenatal factors

Number (%)

Maternal age, years 30.0+£7.2
Placenta previa 9(10.2)
Drug abuse® 5(5.7)
Magnesium sulfate 62 (70.5)
Exposure to prenatal steroids 80 (90.9)
Chorioamnionitis 18 (20.5)
Delivery/perinatal factors
Twin 35 (39.8)
Birth weight, g 1081+326.8
Caesarean section delivery 55 (62.5)
Postnatal factors
Exposure to postnatal steroids 11 (12.5)
Hypotension 48 (54.5)
Infant infection 56 (63.6)
Patent ductus arteriosus 45 (5.11)
Necrotizing enterocolitis® 4 (4.5)
Duration of intubation, days 9.9+21.0
Chronic lung disease 21 (23.9)

Note: Numbers and percentages were derived from 88 preterm subjects whose
data was recorded and known.

3Data presented as number (%) or mean + standard deviation.

bAll subjects with maternal smoking (based on self-report) were exposed to
marijuana, two were also exposed to tobacco.

€It was diagnosed based on Bell’s stage II criteria (Kliegman et al. 1982).

for neonates during the MRI scan, minimizing patient move-
ment and improving the signal-to-noise ratio. Newborns
enrolled between June 2006 and July 2011 (n=156) were scanned
on a 1.5-Tesla General Electric Signa HDxt system (GE Medical
Systems) using a specialized high-sensitivity, receive-only
quadrature birdcage neonatal head coil built within a custom-
built MRI-compatible incubator (Dumoulin et al. 2002). T1-
weighted images were acquired using sagittal 3-dimensional
inversion recovery spoiled gradient echo (3D IR SPGR) (repetition
time [TR]=35; echo time [TE]=6.00; inversion time of 0.00 ms;
field of view [FOV]=256x 192 mm?; number of excitations
[NEX]=1.00; and flip angle [FA]=35°), yielding images with
1x1x1 mm? spatial resolution. The in-plane resolution for
the 1.5 T is 1 mm x 1 mm and 3 mm thick. Newborns enrolled
between July 2011 and March 2015 (n=73) were scanned on a 3-
Tesla General Electric Discovery MR750 system in a different
MR compatible incubator and using a specially designed
(for 3 T imaging) neonatal head coil. T1-weighted images
were also acquired using sagittal 3D IR-SPGR (TR=minimum;
TE = minimum; inversion time of 450 ms; FOV =180 x 180 mm?;
NEX =1.00; FA=15°), and were reformatted in the axial and
coronal planes, yielding images with 0.7 x 0.7 x 1 mm? spatial
resolution. The in-plane resolution for the 3 T is 1 mm x 1 mm
and 2 mm thick.

T2-weighted images were acquired to examine for areas
of encephalomalacia or malformations using the parameters

TR=5000 ms; TE=120 ms; FOV=200 mm; NEX=2.0; slice
thickness=3 mm. Susceptibility-weighted images (SWI) were
acquired to examine for hemorrhages and calcifications with
the parameters TR=46 ms; TE =28 ms; FA=20°; FOV =180 mm,;
NEX =1.0; slice thickness =2.0 mm. The scan times for T1w, T2w
and SWI were approximately 3.5, 2.5 and 5 min, respectively.

For 40 dHCP controls, we analyzed T1 images which were
acquired using an IR TSE sequence with the resolution of
0.5 x 0.5 x 0.5 mm? with TR=4.8 s, TE=8.7 ms.

Diagnosis of Neonatal Brain Injuries

A pediatric neuroradiologist (A.J.B.) blinded to patient history
reviewed patient MRI scans including 3-D T1 and axial T2-
weighted sequences, as well as SWI when available. Presence
and severity of IVH, hydrocephalus (i.e., VM), and WMI were
evaluated (Table 2). The spectrum of WMI includes focal
cystic necrotic lesions (periventricular leukomalacia; PVL) and
noncystic lesions. The severity scores were generated for IVH
using the scoring system of Papile (0: absent; 1: germinal matrix
hemorrhage; 2: IVH; 3: IVH with hydrocephalus; 4: parenchymal
hemorrhage, usually periventricular hemorrhagic infarction)
(Papile et al. 1978) and WMI (0: absent; 1: <3 foci, <2 mm;
2: >3 foci, >2 mm; 3: >5% hemisphere) using established
criteria (Papile et al. 1978; Miller et al. 2003). Subsequently,
IVH scores were binarized with “mild” representing grades 1-
2, and “severe” representing grades 3-4; WMI and VM were
categorized as “mild” for grade 1 and “severe” for grades 2-
3. For subjects with multiple MR examinations, the highest
(most severe) score in each category was used for analysis.
In the current study, we compared cortical folding patterning
and covariance networks between the none-mild injury group
and severe injury group. We merged infants with mild injuries
and those with no injury into one none-mild injury group,
since the two groups exhibited no significant differences in the
following analyses.

Measurement of Sulcus Depth to Characterize Sulcation

T1-weighted MRI scans were used to obtain sulcal depth mea-
sures using the NEOCIVET pipeline (Kim, Lepage, et al. 2016b)
developed based on CIVET at the Montreal Neurological Insti-
tute  (http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET).
The steps involved are given as follows: First, the native MRI
images were corrected for nonuniformity artifacts using N3
algorithm and registered into the stereotaxic space using a
linear transformation. Different types of brain tissue (GM, WM,
and CSF) were segmented with an advanced label fusion based
on a joint probability between selected templates. Next, WM
surface was automatically extracted by evolving an ellipsoid,
triangulated using an icosahedral model and a multiresolution
deformation scheme; Then the cortical morphology was
characterized by measuring sulcal depth within the two
surfaces at 81924 vertices (163840 polygons) throughout the
cortex. Finally, sulcal depth was further resampled to the age-
specific surface template (Kim, Lepage, et al. 2016b) using the
transformation obtained in the surface registration, in order to
allow intersubject comparison.

Construction of Corticocortical Covariance Network

All neonates were divided into three groups based upon their
age ranges and the uniform subdivision (early: <31 weeks;
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Table 2 Definition and categorization of neurological injuries

Factor

Category (n=scans)

None-mild injury Severe injury

IVH (Ahmann et al. 1980; Volpe 1981)
- Bleeding into the ventricles of the brain.
- Overall occurrence rate of approximately 15%.
- IVH occurs in 40% of premature neonates who weigh less than
1500 g.
VM (Perlman and Rollins 2000; Mehlhorn et al. 2017)
-Dilatation of the lateral cerebral ventricles, usually defined as
greater than 10 mm at the level of the atria.
-Prevalence of 0.3-1.5 per 1000 live births.
WMI (Perlman et al. 1996; Volpe 1997; Imamura et al. 2013)

-Type of brain damage that affects the brain’s white matter and can

lead to a series of disabilities, including cerebral palsy.
-Reported incidence of PVL varies from 3% to 15%.
-Periventricular leukomalacia is seen in 3% to 10% of premature
neonates.

Grade 0-2 (n=159) Grade 3-4 (n=56 scans)

Grade 0-1 (n=208) Grade 24 (n=33)

Grade 0-1 (n=196) Grade 2-3 (n=57)

Table 3 MRI scan categorization

Early <31 weeks n=57 Middle 31-35 weeks n=99 Late >35 weeks n=73 Healthy term
~40 weeks
n=40

None—mild Severe injury None—mild Severe injury None—mild Severe injury Healthy
injury injury injury
Subjects (n) n=42 n=15 n=79 n=20 n=>50 n=23 n=40
Males 36 14 64 18 42 19 25:15
Birth age + SD (range) 27.6+1.5 (5.6) 26.8+1.6 (4.6) 28.8+1.7 (6.7) 28.9+2.3(8.3) 28.6+2.0 (7.3) 28.1+2.1(6.9) 39.0+1.7 (5.6)
Scan age + SD (range) 29.940.8 (3.7) 29.9+1.1(4.2) 327411 (3.8) 33.1+£12(3.7) 364413 (5.3) 36.5+1.3 (5.0) 39.942.1(7.3)
Birth weight (g) 982 964 1158 1188 1110 1129 Not available

middle: 31-35 weeks; late 3rd trimester: >35 weeks) and
each group was subgrouped again into either none-mild or
severe injury groups based on injury severity grades listed
in Tables 2 and 3.

A general linear model (GLM) was used to account for
covariance between vertices while accounting for confounding
variables including PMA at birth, sex, and MRI field strength (3 T
vs. 1.5 T). Next, correlation matrices of sulcal depth showing
anatomical coupling among cortical regions at whole brain level
were computed for each group (Lerch et al. 2006; Raznahan
et al. 2011). As a correlation matrix computed across all 81924
vertices requires extremely expensive computational times, all
vertices across the whole cortex were further evenly sampled
to 1284 vertices on which correlation maps were constructed,
while avoiding any bias associated with anatomical parcellation

(Fig. 1).

Network Analysis

For graph-theoretic analysis, correlation matrices were first
binarized based on sparsity thresholding. We defined sparsity
as the total number of edges in a graph divided by the maximum
possible number of edges. The binarized graphs were used
to calculate global efficiency and shortest characterized path
length, clustering coefficient, and modularity. The details of
each index are described below.

Properties of Covariance Networks

The patterns of relationship among brain regions within a net-
work can be described using two distinctive topological proper-
ties: segregation and integration (Rubinov and Sporns 2010).

For graph-theoretic analysis, the correlation matrices were
first binarized based on sparsity thresholding. We defined spar-
sity as the total number of edges in a graph divided by the
maximum possible number of edges. Fixing a sparsity threshold
(for instance, x% threshold denotes x% of the topmost connec-
tions) assured the same number of edges for graphs of different
groups. In order to determine proper assessment of network
properties and nominal spurious number of edges in each net-
work, we used a range of sparsity threshold 2 <S <40, increased
with a step of 2. A sparsity threshold of 10 is used in main text
and results with all other sparsity threshold can be found in
Supplementary Information (Supplementary Figs 1-3).

Binarized graphs were used to calculate measures of 1) net-
work integration: global efficiency and shortest characterized
path length and 2) network segregation: clustering coefficient
and modularity. Details of each network index are described
below.

Network Integration
The characteristic path length L of a network was defined as the
mean minimum number of edges between any two nodes, that
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Figure 1. Overview of processing sulcation-based covariance networks. (A) MR scans of preterm neonates were separated into two groups: subjects with none-mild
brain injury and those with severe brain injury (order: WMI, IVH, VM). (B) Using MR scans, sulcal depth values were extracted after surface reconstruction using the
pipeline NEOCIVET. (C) 81 924 vertices of sulcal depth values were evenly subsampled into 1284 vertices. (D) Correlation matrices were derived by calculating correlations
between regional sulcation across subjects within each group separately. (E) Binarized adjacency matrices were derived from the correlation matrices using a range
of sparsity threshold 2 <S5 <40 (i.e., top 2-40% of strongest connections for fully connected graphs in both groups). (F) Sulci-based connectomes were then analyzed

using graph theory metrics of segregation and integration.

is, the shortest path L;;. L;; between nodes i and j is defined as
the lowest number of edges that must be traversed to go from
i to j. A node’s average path length L(i, G) is the average length
of the shortest paths between i and all other nodes. Accordingly,
the global efficiency, E, of a graph G is as follows:

1 1

EQC) = N(N - 1)

,)

Global efficiency can be interpreted as the capacity for inte-
grative information transfer across the network (Rubinov and
Sporns 2010).

Network Segregation

We computed the clustering coefficient using standard formulas
(Watts and Strogatz 1998). These quantities are widely used
graph-theoretical parameters to describe network topology.
Clustering coefficient C; of a given node i was defined as

Ti
Ci ki (ki — 1) /2

Where T; is the number of existing connections among the
neighbors of node i. As k; is the actual number of neighbors
of node i (i.e, its degree), the denominator term k; x (k; — 1)/2
quantifies the number of all possible connections among the
neighboring nodes. If a node i had only one edge or no edges,
C; was set to 0. Mean network clustering C was defined as the
average of C; over all nodes.

Modularity is a measure of the degree to which a graph is
organized into distinct subgraphs (Rubinov and Sporns 2010).
The modularity algorithm attempts to partition the graph into

disjoint subgraphs, in such a way as to minimize the degree of
intermodule connectivity and maximize intramodule connec-
tivity. This ratio is captured in the parameter Q. The modularity,
Q, of a graph G is a function of the proportion of G/s edges that
fall within modules (topological communities of varying size).
This can be defined as follows:

1
Q) =5~ Z (Ai,j - Pi,j) 8 (Mi, Mj)
i
where m is the total number of edges; A;; = 1 if an edge

links i and j and 0 otherwise; §(M;,M;) = 1 if i and j are in the
same module and 0 otherwise; and p;; is the probability that a
random graph with the same degree distribution as G has an
edge between i and j, as follows:

kik;

P=

Where k; is node i’s degree. Nodes should be assigned to mod-
ules to yield the largest possible Q, which is approximated using
a simulated annealing algorithm. For the analysis of community
structure, nodes were assigned to their most stable modules
based on 10 runs of the simulated annealing algorithm.

The graph theory metrics that are analyzed in the current
study are summarized in Supplementary Table 5.

Analysis of Large-Scale Networks

As a measure of connectivity, the correlation strength for
each pair of vertices and for each of group of infants was
computed separately. The correlation strength was then Fisher
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z-transformed. No threshold was applied to the correlation
coefficients, that is, resulting networks were weighted and
signed.

For subnetwork construction, we used the Automated
Anatomical Labeling (AAL) parcellation of the cortex and
subcortical regions which consist of 90 Region-of-Interests (ROI).
For each of the subnetwork, a set of network ROIs that have
been demonstrated to be representative for the networks under
investigation (Power et al. 2011) were utilized. All vertices within
each ROI were assigned to any of nine well-established large-
scale networks, comprising low-level input and output networks
(visual, auditory and sensorimotor networks), subcortical nodes,
the default mode network (DMN), ventral and dorsal attention
networks, cognitive control networks including frontoparietal
network and limbic network, and salience network.

Mean connectivity between and within networks was com-
puted as the average across all edges between/within those
networks. To quantify the degree of integration and segregation
for global brain network, we then introduce the network metric
Segregation Integration Difference (SID) that operates on corre-
lation strength at the level of subnetworks. For example, if we
assume that the whole brain network is divided into a total of M
subnetworks, we define global SID subnetworks as

M M 2 1
SID=2.2 (Nm (Nm - 1) iz AT Ny pemZ(;'EHA""‘>

m=1n=1 jem

Where A;; is the correlation strength within subnetwork
m, and Ay 4 is the correlation strength between subnetworks
m and n. Ny, and N, are the number of vertices within the m and
n subnetworks, respectively.

Accordingly, it is possible to extend the scope of the SID
measure so that we can compute an estimate of integration-
segregation degree for specific network. If we assume that the
whole brain network is divided into a total of M subnetworks,
the SID parameter for subnetwork m with respect to all other
subnetworks is defined as

M 2 1
SIDy = > (Nm - iz Ayj— N > Am)

n=1 jem pem,gen

All forms of SID values defined above are derived as a
pair-wise summation of differences of within-subnetwork
and between-subnetwork strengths. Thus, an increase in SID
suggests increased segregation between subnetworks that are
driven either by an increased within-subnetwork strength for
the given subnetwork or a decreased between-subnetwork
strength with regard to all other subnetworks. On the other
hand, a decrease in SID implies an increase in integration, which
is caused either by decreased within-subnetwork strength
and/or an increased between-subnetwork strength.

The Bayley Scales of Infant Development, 3rd Ed (BSID-III)
(Connolly et al. 2006), which have been used widely regarding
outcome following perinatal brain injury (Miller et al. 2005),
were performed by a developmental psychologist. This assessed
motor, cognitive and language development.

Statistical Analysis

We separately compared between any pair of SI, NMI and HT
groups using permutation tests with 1000 repetitions. The

number of permutations commonly used in literature is up
to 10000. Due to the high computational cost of constructing
structural covariance in our large network using the GLM
that includes several covariates, however, a relatively smaller
permutation number was selected as a reasonable compromise
considering the time requirement and computational cost.
Specifically, in each run of permutation, all patients were
randomly assigned into the six subgroups. The number of
patients within each group was same as six subgroups in real
conditions. Structural covariance was then generated, and graph
theoretical variables were computed using sulcal depth values
from randomly assigned patients. For each time range and
variable, the actual difference between the given two groups was
placed in its corresponding permutation distribution to obtain
the significance level (95%). Finally, the false discovery rate (FDR)
of P-values from all variables and time ranges was controlled
and adjusted using the previously described procedures
(Benjamini and Hochberg 1995).

Results

Cortical Folding Trajectory in NMI and
SI Preterm Neonates

Vertex-wise sulcal depth values were computed and mapped for
229 scans of NMI and SI preterm neonates at three developmen-
tal time frames as displayed in Figure 2 (Demographics found
in Table 1). Sulcal depth values were also calculated in 40 HT
newborns and were mapped in the last time frame of Figure 2.
Mapping of three neurodevelopmental time frames of the third
trimester demonstrated rapid sulcal deepening in NMI and SI
groups in the early and middle time frames before plateauing
by late stage of third trimester. However, the SI group exhibited
significantly shallower sulci (P=0.01; t=2.67) compared with the
NMI group in only the early time range, while no differences
were found in the middle or late time periods (middle: P=0.12,
t=1.62; late: P=0.69, t=0.40) due to SI group’s faster growth rate.
To account for repeated scans per subject and variance among
sulcal depths, a mixed-effects nonlinear model with polynomial
fitting was also modeled to sulcal depth changes along with age.
This analysis produced similar trends to the initial analysis that
accounted for three age groups (Supplementary Fig. 4).

Sulcation measurements of HT infants plotted at their
neonatal scan (approx. 40th week) were found to be slightly
higher than both NMI and SI preterm infants, although no
significant differences were found (P> 0.19; t <1.31 compared
with NMI, and P>0.51, t<0.65 compared with SI). Sulcal
depth values quantified for each group can be found in
Supplementary Table 1. Further analysis of MRI strength (3 T
vs. 1.5 T) demonstrated that different field strengths of MRIs
did not affect sulcal depth values and cortical regional patterns
(Supplementary Fig. 5).

Cortico-cortical Covariance of Sulcation
and Differences Between NMI and SI Groups

Our analysis of sulcal depth correlations showed hyper-
covariance—increased global covariance strength in the SI
group compared with the NMI group. This difference was
exhibited in the early stage of third trimester (P=0.002; Fig. 3A;
permutation test) in which lack of cortical folding was observed
in Figure 2. However, such hyper-covariance was diminished in
the later stages (P> 0.11) in which rapid sulcal deepening was
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Figure 2. Cortical folding trajectory of NMI and SI preterm neonates. Both NMI and SI groups exhibit similar trends of rapid cortical folding expansion in the early and
middle stages of the third trimester, thereafter, plateauing by the late stage. However, the SI group displays significantly shallower sulci in the early stage (P=0.01;
t=2.67), while no differences are found in the middle or late time frames due to their faster growth. The average sulcation value of HT neonates is plotted at term
(40th week of gestation). Sulcation values of HT neonates are higher than both NMI and SI preterm born neonates, although not significantly different. For NMI and SI
preterm groups, circles represent their means and shaded bands represent their standard deviations. The standard deviation for HT infants is shown as the vertical

gray line to the right of the graph.

exhibited in SI group, suggesting their catching-up process (Figs 2
and 3A). The developmental trajectory of covariance strength
was inverted from that of sulcal depth expansion throughout
preterm gestation.

Analyzing regional covariance strength between NMI and
SI neonates, significant differences of correlation strength
between the two groups were mapped on the cortical surface
(P <0.05; Fig. 3B; permutation test, corrected using FDR). Signif-
icant regional differences in covariance strength were the most
widespread in the early stage, while decreasing substantially by
the middle and late stages. After FDR correction, significant
differences in the early stage were found in sulcal/gyral
areas including bilateral (anterior) superior temporal, anterior
cingulate, central and insular cortices, in the right angular and
precuneus cortices, and in Broca’s area of the left inferior frontal
gyrus. Residual regional differences by the late stage, which
was not captured by global connectivity measures, were still
observed in the left posterior cingulate cortex (P < 0.05).

Structural covariance of HT neonates (at the 40th week)
was also calculated and plotted. HT neonates exhibited slightly
lower covariance strength compared with both preterm neonate
groups, but this pattern was not significant (P > 0.37). No hyper-
covariance in the SI group relative to the NMI group was found
(P> 0.26). Covariance strength values quantified for each group
can be found in Supplementary Table 2.

Network-Level Integration and Segregation
of Corticocortical Covariance

Graph theory-based analyses were utilized to quantitatively
compare topological properties of sulcation-based covariance
networks among NMI and SI preterm as well as HT neonates.
Compared with the NMI group, the SI group exhibited decreased
network integration (Fig.4A) in both the early and late
time periods, characterized with decreased global efficiency
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Figure 3. Network-level structural covariance of cortical sulcation. (A) The line graph depicts the developmental trajectory of global covariance strength |R| in NMI and
SI preterm neonates. Inverted from trends exhibited in cortical folding, the SI group displays significantly increased covariance strength (P =0.002; permutation test),
suggesting maturational hyper-covariance in the early time frame. No significant differences between the NMI and SI groups are found in the middle or late time frames.
Covariance strength of HT neonates is also plotted in gray and appears to lie within similar range as both NMI and SI preterm neonates. (B) Regions of significant
differences between NMI and SI groups in terms of global covariance strength are mapped across all time points. The early stage exhibits the most widespread
significant differences, while such differences gradually diminish throughout the middle and late stages. Residual differences of global covariance strength persist up

until the late stage of the third trimester.

(early: P=0.01, late: P=0.04, permutation test) and increased
characteristic path length (early: P=0.01, late: P=0.049). By
contrast, the SI group exhibited increased network segrega-
tion (Fig. 4B), demonstrated with increased modularity (late:
P=0.049) and increased clustering coefficient (early: P=0.01,
late: P=0.02).

In the last time frame, the HT group exhibited significantly
greater measures of network integration compared with SI but
no difference compared with NMI: global efficiency (HT vs.
SI P=0.007, HT vs. NMI P=0.3) and characteristic path length
(HT vs. SI P=0.007, HT vs. NMI P=0.5). On the other hand,
the HT group exhibited no difference in network segregation
compared with both SI and NMI groups: clustering coefficient
(HT vs. SI P=0.3, HT vs. NMI P=0.5) and modularity (HT vs. SI
P=0.4, HT vs. NMI P=0.3). Network analyses of HT neonates are
shown in the Supplementary Section (Supplementary Table 3
and Supplementary Figs 1-3).

SI Preterm Neonates Exhibit Reduced Integration

of Large-Scale Networks by the Late Period

of the Third Trimester

For the late stage of the 3rd trimester in which the global
topological properties of covariance networks were different

between SI and NMI groups, segregation integration difference (SID)
for all subnetworks and global SID were compared among SI and
NMI preterm as well as HT neonates in the late time frame using
permutation test (Table 4 and Fig. 5).

Results demonstrated significantly reduced global integra-
tion strength (Global SID) of large-scale networks in preterm
neonates with SI compared with those of NMI and HT neonates
(SIvs. NMIP=0.011, SI vs. HT P=0.022). Specifically, this reduced
integration in SI was found in the dorsal attention, frontopari-
etal, and limbic networks (SI vs. NMI P=0.025, P=0.025, P=0.025,
SI vs. HT P=0.045; illustrated in Table 6 and Fig.5). In visual
network, SI group additionally showed reduced integration com-
pared with NMI preterm neonates (P=0.025). No significant
differences in integration strength were exhibited in ventral
attention, auditory, salient, default mode, and sensory motor
systems (P > 0.5).

Bayley Scales of Infant Development (Bayley-III) at 18 months
including assessments of cognitive, language, and motor
functions, were compared between SI and NMI neonates
using a two-tailed t-test (Supplementary Table 6). Scores for
HT neonates were unavailable and thus were not included in
this analysis. SI neonates exhibited significantly lower scores in
cognitive (P =0.006) and motor (P =0.013) assessments compared
with NMI neonates. No significant difference was found in
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Figure 4. Graph theory analysis of sulcation-based covariance networks. (A) The SI group exhibits significantly increased levels of network segregation (increased
clustering coefficient and increased modularity). While the clustering coefficient is significantly increased in both the first- and last-time frames, modularity was
significantly increased in only the third time frame. (B) The SI group displays significantly decreased levels of network integration (lower global efficiency, higher
characteristic path length). For all integration metrics, significant differences between NMI and SI groups are found in both the early and late time frames.

Table 4 Global and network SID network analysis

Network Severe injury (SI) None—mild injury (NMI) HT

Global SID 3.2852P 1.708 1.904
Frontoparietal 0.248*P 0.134 0.137
Visual 0.3482 0.198 0.228
Dorsal attention 0.4122° 0.218 0.180
Limbic 0.378*b 0.221 0.260

aSignificant between SI and NMI.
bSignificant between SI and HT.

language scores. Additionally, no significant correlation was
found between cortical folding and Bayley scores.

Discussion

We found that severe perinatal brain injures lead to reduced
cortical folding in the earliest stage of the third trimester,
although such abnormal cortical folding seemingly recovers
to normal levels later. The time at which cortical folding

abnormalities occur overlaps with the period at which hyper-
covariance occurs, suggesting that the two events may be
related. Essentially, the accelerated cortical folding observed
following the presence of perinatal brain injury (Fig.1) and
the simultaneously found hyper-covariance (Fig.2) possibly
is an indicator of the presence of some mechanism of
compensation, neuroplasticity, and recovery. Indeed, a temporal
correlation between these events does not prove a direct causal
association; however, this hypothesis may explain how the
early brain develops after neurological insult. But despite this
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Figure 5. Reduced integration of large-scale networks in SI group relative to NMI group. The presence of a connection indicates that a significant correlation or degree
of integration exists between any two large-scale networks which are labeled in the outer most edge of the connectogram. Each large-scale network is displayed
as part of the circle of radially aligned elements. Connection strength and large-scale network integration are indicated through colored lines within the circular
graphs that represent associations among analyzed large-scale resting state networks. The SI group exhibits significantly reduced connections and integrations in
the following large-scale resting state networks: dorsal attention, frontoparietal, limbic, and visual. However, no significant differences in connection strength and
integration are found in the following large-scale resting state networks: ventral attention, auditory, salient, default mode, and sensory motor systems. HT infants
also exhibit significantly higher network integration metrics compared with SI preterm infants for all large-scale networks except for visual. More details can be

seen in Table 4.

compensatory or recovery process, we also found residual
aberrations of decreased network integration and increased
segregation in SI brains at the late third trimester, implicating
a suboptimal and inefficient topological organization. Addi-
tionally, SI brains exhibited reduced integration of large-scale
networks, which may be associated with poor clinical outcome
of higher cognitive function in premature neonates with severe
perinatal injuries.

Hyper-covariance Associated with Compensation, Brain
Plasticity, and Recovery of Cortical Folding

Both NMI and SI preterm neonates exhibited similar trends in
cortical folding expansion, whereby sulcation rapidly increased
in the early and middle stages before plateauing by the late
stage of the third trimester. Cortical folding and covariance
strength in the late stage of both SI and NMI preterm neonates
appear to be similar to those exhibited in HT neonates. However,

compared with the NMI group, the SI group exhibited signifi-
cantly decreased sulcation in the early stage only. The sharper
acceleration of cortical folding in their later stages may be
indicative of compensation, brain plasticity, or recovery, whereby
the injured brain may attempt to “catch up” with the trajectory
of normal brain growth. Compensatory mechanisms of recovery
have been noted in multiple studies that shed light on the
preterm brain’s ability to recover from prematurity-related or
severe perinatal injuries by means of neural network plasticity
(Inder and Volpe 2000; Scafidi et al. 2009; Harris et al. 2016).

Our investigation of sulcation-based structural covariance
networks showed hyper-covariance in the SI group only in the
early stage where reduced folding was observed. One possible
explanation is that hyper-covariance may be a driver of the
injured preterm brain’s ability to compensate or recover from
neurological insult. In other words, increased covariance may be
a biomarker of the injured brain’s respondence to neurological
or white matter insult through the amplification of interregional
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trophic signaling for plasticity, recovery, and reorganization of
brain systems (McAlonan et al. 2005; Mitelman et al. 2005). Like-
wise, recovery may be induced by means of increased interaction
between two regions that more effectively send trophic signals
after severe neurological insult (Alexander-Bloch, Giedd, et al.
2013a). Analysis in nonhuman primates also demonstrated that
lesions lead to new and abnormal cortical folding in distant but
synaptically related cortical regions, suggesting that one neural
population can affect another neural population of a distant
cerebral structure (Rakic 1988). Considering this concept, one
may speculate that hyper-covariance may underlie compen-
satory cortical folding of one cortical region when another is
insulted during neurodevelopment. The perinatal injuries that
we analyzed are all distant from the cortex (i.e.,, WM injury,
VM, and IVH), suggesting that accelerated cortical expansion
together with hyper-covariance is indeed plausible in the event
of insult.

Of note, the underlying mechanism of hyper-covariance
remains to be clarified, as there have been no previous studies
investigating this phenomenon in the preterm cohort. However,
such concept of hyperconnectivity has been explored in resting
state functional networks of the adult brain in response to
traumatic brain injury (TBI) (Hillary et al. 2011; Iraji et al
2016). Indeed, it has been proposed that hyperconnectivity
exhibited after TBI is a mechanism of the brain’s plasticity
and recovery process. Intriguingly, such hyperconnectivity leads
to adverse cognitive outcomes in later years (Harris et al.
2016), which is similar to cognitive, behavioral, and language
impairments that are commonly exhibited in preterm survivors
born with perinatal brain injuries (Hamrick et al. 2004; Miller
et al. 2005). Past studies have also shown that functional
hyperconnectivity, as a result of neurological injury, is associated
with disruptions of white matter integrity that connect cortical
regions involved in cognition, suggesting that the adverse effects
of hyperconnectivity are not only limited to brain function but
also to its structure (Hillary and Grafman 2017).

Additionally, one may consider that hyper-covariance
observed in the early time frame may be due to smoother brain
topology. However, we would like to point out that a smoother
brain or delayed brain maturation does not necessarily increase
structural covariance. In studies where children with delayed
brain maturation were analyzed (decreased in cortical thickness
and gray matter volume), mixed decreased and increased
local structural covariances were found (Nosarti et al. 2011;
Bethlehem et al. 2017). Although this is not a direct analysis
within our SI cohort, this data may support the notion that
the observed hyper-covariance is not merely due to the initial
“smoother” topography but rather to an underlying pathological
process associated with neurological injury and recovery.

SI Preterm Neonates Exhibit Residual Aberrations
of Covariance Network Topology

Compensatory development of cortical folding and covariance
networks are notable examples of the neonatal brain’s remark-
able properties of plasticity and recovery. However, our study
suggests that such recuperative processes may be incomplete
or aberrant, considering our discovery of residual aberrations in
graph theoretical network topology by the late third trimester.
Our findings demonstrated that the NMI preterm brain has a
neurodevelopmental trend of gradually increasing measures of
global integration and decreasing measures of segregation. This
phenomenon is consistent with previous findings that prenatal
and early postnatal brain development is characterized by a

transition from local, proximity-based connectivity patterns to
a more integrated topology imperative to higher-order cognitive
functions (Fan et al. 2011; Khundrakpam et al. 2013; van den
Heuvel et al. 2015).

Furthermore, in contrast to both NMI preterm and HT neona-
tal brains, the SI brain induces a significant reduction of network
integration, which accounts for the capacity of a brain (or set
of brain regions) to consolidate and communicate information.
In other words, the SI brain exhibits disrupted efficiency in
transferring information between and across remote regions.
Past studies also suggest that neurodevelopmental disorders
are associated with decreased efficiency and communication
across regions of the brain (van den Heuvel and Sporns 2011).
For instance, executive function disorders in preterm children
were shown to be associated with widespread abnormalities,
rather than focal lesions, of both white and gray matter (Board-
man et al. 2010; Anderson et al. 2017). Such widespread abnor-
malities may be more likely to disrupt global integrated net-
work topology associated with higher-order cognitive functions
(Fischi-Gomez et al. 2016).

Our results also demonstrate that severe neurological
injuries are associated with increased network segregation
in terms of clustering coefficients and modularity, which are
used to characterize the influence of functionally distinct
brain networks on different cognitive behaviors (Watts and
Strogatz 1998). Structural brain modules are known to become
more segregated during development (Baum et al. 2017),
indicating that a normal range of enhanced segregation
strengthens regionally selective functional dependency. Abnor-
mally increased network segregation in SI preterm brains may,
therefore, reinforce excessive trophic influence on topologically
constrained proximal regions rather than on remote regions.
Such abnormally segregated networks are also known to lower
resilience in persons exposed to a brain disorder or functional
impairment (Schreiber et al. 2016).

Past studies confirm aberrations in the preterm brain con-
nectome (Rubinov and Sporns 2010; Vertes and Bullmore 2015;
Fischi-Gomez et al. 2016). We advanced these findings to new
evidence that the SI group exhibits combined alterations of net-
work integration and segregation in the early stage that persist
into the last stage of the third trimester. Such residual aberra-
tions in network topology in the SI group, despite a “catching-
up” process, suggest disturbance in the normal balance between
local specialization and global integration (Sporns et al. 2000;
Brown et al. 2014).

Injured Preterm Neonates Exhibit Reduced Integration
of Large-Scale Functional Networks

Given that abnormal topology of covariance networks was glob-
ally found in the SI preterm, we aimed to understand whether
neurological injury also influences the integration of large-scale
brain networks that involve different cortical regions in each
modular network and are indicative of higher-order cognitive
functions. These large-scale networks are an important area
of study, given that most higher-order cognitive behaviors are
not contingent upon an individual brain region in isolation
but rather a group of networks integrating with each other
(Cocchi et al. 2013; Sporns 2014; Bassett et al. 2015). Our results
demonstrated that severe brain injuries may lead to significantly
reduced large-scale network integration compared with both NMI
preterm and HT brains. This residual disintegration of large-scale
brain networks in SI preterm neonates may be associated with
the manifestation of cognitive abnormalities in a proportion
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of preterm survivors later in their school ages (Fischi-Gomez
et al. 2015; Fischi-Gomez et al. 2016). Thus, a comprehensive
understanding of network properties may provide more insight
on potential neurodevelopmental deficits, which cannot be
substantiated by analyzing cortical folding measure alone, given
that we observe Sl brains recover their cortical folding expansion
to normal levels of development.

More specifically, SI preterm brains exhibited significantly
reduced connectivity of the dorsal attention, frontoparietal, lim-
bic, or visual systems with other functional networks. Reduced
integration of the dorsal attention and frontoparietal networks
may implicate the brain’s lack of efficiency in executing higher
cognitive function and attention-demanding tasks (Sturm et al.
1999; Spreng et al. 2013). Likewise, reduced integration of the
frontoparietal network may suggest that the injured preterm
brain is at risk of reduced ability to control behavior related to
emotional processing, learning, and memory, as this network is
tightly interconnected with both cortical and subcortical struc-
tures (amygdala, hippocampus, cingulate gyrus, and nucleus
accumbens) (Barrett and Satpute 2013). Additionally, reduced
integration in the limbic network may be associated with abnor-
mal emotional behaviors (Drevets et al. 2008), while reduced
integration in the visual network may be associated with visual
problems that are often noted in preterm subjects born with
brain injury (Fazzi et al. 2009; Hreinsdottir et al. 2013).

Injured Preterm Neonates Exhibit Poor Cognitive and
Motor Outcome in Later Years

Previous studies have established an association between
severe perinatal brain injuries and neurologic outcome of
preterm neonates (Mercuri et al. 2003, 2004). Significantly
lower scores in cognitive and neuromotor performance in
SI neonates suggest that neurological injury transpiring at
the third trimester of gestation is an important predictor of
impaired brain functions in later years. However, no significant
association was observed between cortical folding and Bayley
score outcomes. This may be due to the notion that cortical
folding was found to recover to normal levels in the SI cohort by
the late stage of the third trimester, suggesting that this cortical
maturational characteristic may minimally influence on the
postnatal neurocognitive, language and motor development.
Poor neurodevelopmental outcome in the SI group may be led
by other aspects of brain maturation, such as myelination, white
matter connectivity or cortical thickening.

Limitations and Future Directions

There are several limitations to consider in this study. Our study
did not adopt a true longitudinal analytic method, in which we
assigned each scan into the groups representing various time
points of the third trimester of gestation. Despite availability of
up to two postnatal scans acquired per baby, such categorization
of scans in a cross-sectional manner may lead to confounds in
our results. One issue may be related to the variability of postna-
tal age at scan, as the baseline scan would have been acquired
right after birth whereas the follow-up scan would be taken after
a longer period. We attempted to address such confounds by
including each scan’s subject birth age as a covariate, thereby
correcting for possibly different folding rates between prenatal
and postnatal growths.

The relationship of neonatal covariance networks with neu-
rodevelopmental outcome in preterm survivors remains to be

clarified in our study. Future studies aiming to run a longitudinal
study of brain development from the preterm gestational period
ideally to childhood or adolescent years would provide bet-
ter understanding of how covariance network and connectivity
aberrations contribute to any neurological deficit observed in
future years.

Sulcation-based covariance networks only indirectly explain
the anatomical connectivity patterns, as opposed to diffusion
imaging of white matter tracts. More specifically, properties of
the covariance network do not reflect the presence of physical
connections of information flow across cortical regions as they
are statistical structures, and therefore may somewhat deviate
from the true essence of connectivity information. On the other
hand, covariance network analyses have been favored in the
investigation of trophic pathways of developing brains where
morphological growth is vigorous (Mechelli et al. 2005; Alexan-
der-Bloch, Raznahan, et al. 2013b). Structural covariance net-
works cannot be extrapolated to network parameters at the indi-
vidual level, thus obstructing correlations with clinical scores
of preterm infants. Given the presence of multiple longitudinal
scans, a recent study built individual covariance networks that
link to individual variability in cognition and disease severity
(Khundrakpam et al. 2019). We are currently aiming to pursue
this direction of analysis for individual covariance using our
longitudinal cohorts.

Although our study analyzed the severity of neurological
injury through a composite scoring system, we did not con-
sider the influence of each individual injury separately (IVH,
VM, WMI), which may impact the brain development through
distinct pathological mechanisms as seen in previous studies
(Kim, Gano, et al. 2016a; Smyser et al. 2019). Our study was
not able to analyze each injury individually due to a relatively
small sample size, confining us to analyze all severe neurolog-
ical injury collectively within one cohort. However, consider-
ing that these injuries are similarly involved in lesions around
the cerebral ventricles, we consider it rather likely that these
injuries may have underlying common influences on resulting
ectopic cortical folding as a whole, which is what was primarily
examined through the global covariance metric. For instance,
the radial unit hypothesis explains how cerebral expansion
originates from the ependymal layer of the cerebral ventricle,
which consists of proliferative radial glial cell units that prefig-
ure cytoarchitectonic areas of the cortex (Rakic 1988). Abnormal
migration of these radial glial cells can lead to alterations in
cortical folding resulting in lissencephaly (smooth brain) or
polymicrogyria (too many folds) (de Juan Romero et al. 2015).
Essentially, PVL, VM, and IVH, albeit different in pathological
etiologies, may have commonality in disrupting the prolifer-
ative process of radial glial cells and cortico-cortical connec-
tions associated with cortical folding. This is not to say that
differences in pathological etiology and lesion location are not
important to consider, as their underlying pathophysiology on
cortical development are indeed different (Volpe 2009). However,
specifically in the context of sulcation and its covariance, such
different etiologies may not have as significant of differential
effects compared with the severity of injury itself. Similar to
our study, other studies showed the effects of different brain
injuries on cerebellar growth (Tam et al. 2011) and neurodevelop-
mental outcome (Guo et al. 2017). To further validate the lack of
influence by different pathological etiologies on our results, we
demonstrated in another analysis that no significant differences
in cortical folding or covariance outcome are observed among
PVL, VM and IVH groups.
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Additionally, there are additional perinatal risk factors such
as birth weight, steroid treatment, neonatal intensive care fac-
tors (surgery, infection), cardiorespiratory conditions, injuries, or
duration of prematurity (although most of our study samples
were very preterm). Due to a range of perinatal factors, preterm
infants are at risk for a wide range of intracranial complications.
To consider various clinical confounds, each clinical charac-
teristic listed in Table 1 was corresponded to each individual
severe injury type: IVH, WMI, and VM (Supplementary Table 4).
No significant difference was found between IVH and WMI
groups for each clinical characteristic (VM was not analyzed due
to small sample size), suggesting that our results may not have
been obscured by clinical confounds.

Conclusion

We were able to characterize cortical folding and covariance net-
work developmental trajectories among NMI and SI preterm as
well as HT neonates. We showed that in-depth spatiotemporal
pattering of cortical folding and network-level structural covari-
ance provide valuable insight on how the preterm brain recovers
from severe injuries in critical state and which brain structures
and functional networks develop with residual damages. Our
finding of residual brain abnormalities by the late third trimester
in the SI cohort may provide new perspective on clinician’s care
for preterm infants with critical injuries. More importantly, our
study identifies a specific time window, early and middle third
trimesters, that plays a highly crucial role in understanding
the processes of compensation and recovery. Identification of
this critical time frame could play a crucial role in tailoring
clinical courses of action that may be time sensitive in the early
developmental stages.

Finally, our study provides an important analytic framework
whereby clinicians may attain a better understanding of how the
brain changes during the early developmental period may affect
health and cognition in future adolescent years. The current
findings implicate that the brain connectome and network prop-
erties may contribute as clinical biomarkers indicative of higher-
order cognitive functions. As such, neurodevelopmental out-
comes in these higher-order domains may be better predicted
with “connectome-type” analyses that incorporate measures of
network segregation and integration (Fischi-Gomez et al. 2016)
as opposed to a single morphological metric. Ultimately, with
increased clarity of structural morphology and network proper-
ties of the preterm brain, a more thorough and evidence-based
clinical intervention may be applied as a necessary protocol
to circumvent risks of severe injury and neurodevelopmental
deficits associated with prematurity.
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Supplementary material can be found at Cerebral Cortex online.
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