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Preterm birth is associated with an increased risk of executive function (EF) deficits, yet the underlying
neural mechanisms remain unclear. We combine diffusion MR, resting-state functional MRI, and
graph theory analyses to examine how structural (SC) and functional connectivity (FC) at term-
equivalent age (TEA) influence EF outcomes at 3 years corrected age in children born at or below 32
weeks’ gestation. Here we show shorter average path length (a measure of efficient structural
communication) in the insula is linked to better EF performance, implying that more direct structural
pathways in this region facilitate critical cognitive processes. Additionally, higher betweenness
centrality (a node-level metric of information flow) in parietal and superior temporal regions is
associated with improved EF, reflecting these areas’ prominent integrative roles in the whole-brain
functional network. Importantly, our multimodal analyses reveal that regional structural efficiency
helps shape functional organization, indicating a specific interplay between white-matter architecture
and emergent functional hubs at TEA. These findings extend current knowledge by demonstrating
how earlier disruptionsin SC can alter subsequent FC patterns that support EF. By focusing on precise
node-level metrics rather than broad within-network effects, our results clarify the contribution that SC

has in guiding functional relationships essential for EF.

Preterm birth is inextricably linked with an increased risk for brain injuries
and delayed cerebral maturation, markedly heightening susceptibility to a
diverse spectrum of neurodevelopmental disorders and neurocognitive
outcomes throughout the individual’s lifespan. Despite improved survival
rates of preterminfants'’, long-lasting neurocognitive sequelae remain the
most common concerns faced by children born preterm. Executive func-
tioning (EF) deficits among individuals born preterm can persist well
beyond childhood, extending into adolescence and adulthood, underscoring
the need to clarify the early neural underpinnings of EF development. EF
encompasses working memory, inhibitory control, and cognitive
flexibility*~°, with prevalence estimates ranging from 15% to 50% depending
on the specific EF domain and the degree of prematurity®'®"". The successful
coordination of EF is contingent upon the architectural robustness and
interconnectedness of cortical and subcortical sub-systems, with an essential
role for white matter (WM) scaffolding'*™". Previous, unimodal structural
and functional magnetic resonance imaging (MRI) investigations have

elucidated distinct deviations in overall cerebral efficiency and the neural
networks underpinning EF deficits in preterm infants compared with term-
born controls**'"”. However, the complex interplay between structural and
functional brain connectivity, as measured by multimodal MRI, and its
contribution to EF development remains underexplored.

Three major forms of brain injury that predict cognitive and EF out-
comes in preterm infants are intraventricular hemorrhage (IVH), cystic
periventricular leukomalacia (PVL), and diffuse WM abnormality (a milder
non-cystic form of PVL)"***". In addition to WM connections, IVH and PVL
are often associated with damage to key brain structures including the
caudate, thalamus, anterior cingulate cortex (aCG), insula, and posterior
parietal cortex ***. These injuries often lead to deficits in EF"*'**%*%,
Preterm birth also impacts overall brain development and maturation.
Compared to term-born controls, PT infants exhibit alterations in brain
structure, including changes in WM connectivity"*”, reductions in total
WM and GM volume®*, and decreased cortical surface area, thickness, and

"Neurodevelopmental Disorders Prevention Center, Perinatal Institute, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, USA. 2Department of

Pediatrics, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, USA. *Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati,
OH, USA. “Department of Radiology, Imaging Research Center, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, USA. *Department of Radiology,
University of Cincinnati College of Medicine, Cincinnati, OH, USA. e-mail: nehal.parikh@cchmc.org

Communications Biology | (2025)8:345 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07745-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07745-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07745-1&domain=pdf
http://orcid.org/0000-0003-2703-5185
http://orcid.org/0000-0003-2703-5185
http://orcid.org/0000-0003-2703-5185
http://orcid.org/0000-0003-2703-5185
http://orcid.org/0000-0003-2703-5185
http://orcid.org/0000-0002-1375-1247
http://orcid.org/0000-0002-1375-1247
http://orcid.org/0000-0002-1375-1247
http://orcid.org/0000-0002-1375-1247
http://orcid.org/0000-0002-1375-1247
mailto:nehal.parikh@cchmc.org
www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07745-1

Article

folding™"'. Moreover, preterm birth disrupts crucial third-trimester den-
dritic arborization and synaptogenesis, particularly in prefrontal and par-
ietal association cortices””. Additionally, major WM tracts are susceptible
to injury’>*, due to the abundance of pre-myelinating oligodendrocytes in
the preterm brain®*. This damage alters brain network efficiency by dis-
rupting WM connectivity”. These combined GM and WM disturbances
profoundly disrupt frontal-subcortical and frontoparietal circuits critical for
EF****_However, the nature and severity of EF deficits is highly het-
erogeneous across infants born PT. While there are studies on structural and
FC in preterm infants, evidence specifically linking these connectivity
measures to EF development at this early age remains limited.

The late third trimester (32-40 weeks’ gestational age (GA)) is a critical
period for brain network development. This period is characterized by
significant growth in WM architecture and a transition from localized
connectivity to more integrated networks’. Although interhemispheric
connections emerge relatively early, large-scale networks such as the default
mode network (DMN) continue to mature beyond this period, with
posterior-anterior connections between key DMN hubs establishing later"'.
Other rudimentary forms of resting-state networks (RSN), including the
salience network (SN), central-executive control network (ECN), and dorsal
attention network (DAN), also begin to form in late gestation around
30 weeks” GA™. These highly organized rich-club networks are particularly
susceptible to injury from preterm birth**”*****’, and are linked to the
cognitive and behavioral challenges frequently observed in preterm
children*”.

The integrity of distributed functional nodes within the brain’s RSN is
underpinned by the myelinated WM tracts that enable intricate feed-
forward and feed-backward mechanisms fundamental for optimal cognitive
function***. Despite the acknowledged prevalence of structural and func-
tional brain alterations in preterm birth, few studies have examined how
these alterations collectively contribute to EF development. Here, we
address this gap by investigating how early structural and FC at term-
equivalent age (TEA) relate to EF performance at 3 years of age in preterm-
born children. Using advanced methods like diffusion MRI (dMRI) and
resting-state fMRI (rs-fMRI), we first examine how structural and FC pat-
terns independently associate with EF development. As a secondary,
exploratory aim, we investigate potential relationships between structural
and FC patterns. We hypothesized that in preterm infants born at or before
32 weeks GA, both SC and FC of key brain regions at TEA would be
independently associated with EF outcomes at 3 years, a developmental
period when EF becomes more differentiated and reliably measurable. This
multimodal approach may offer insights into early brain organization in
preterm infants, laying the groundwork for future research into neurode-
velopmental processes following preterm birth.

In this study, we demonstrate that structural and functional con-
nectivity at TEA in preterm infants, particularly involving the insula, parietal
lobe, and middle superior temporal gyrus, are key determinants of EF
outcomes at three years of age. Structurally, shorter average path length in
these regions may reflect more efficient white-matter pathways that com-
pensate for early disruptions, thereby supporting foundational EF processes.
Functionally, higher betweenness centrality in similar areas could indicate
adaptive recruitment of alternative network hubs to maintain cognitive
function. These findings suggest that early connectivity patterns can serve
compensatory roles for disrupted development and are predictive of later EF
performance. Future longitudinal imaging will clarify whether these con-
nectivity profiles remain stable, regress, or specialize over time, ultimately
informing how early neural markers might guide interventions to improve
cognitive outcomes in children born preterm.

Results

SC and FC modes of inter-subject covariation and sample
characteristics

SC and FC modes of inter-subject covariation were extracted using NMF
from 358 and 363 participants, respectively. However, for subsequent
analyses (including canonical correlation analysis, CCA), the sample was

restricted to 212 participants (51.9% female) who had complete data for SC
modes, FC modes, and Minnesota Executive Function Scale (MEFS) scores.
Baseline characteristics for these 212 participants are reported in Table 1.
For comparison, Table 1 also shows the characteristics of the original sample
of 363 infants. At the 3-year CA visit, the mean MEFS standard score was
93.1 (SD=11.9).

Regression model results

The NMF analysis, followed by LASSO feature selection and robust
regression, revealed that some of the modes of inter-subject covariation
(ISCs) were significantly associated with EF performance. These ISCs pre-
dominantly included brain regions such as the insula, middle superior
temporal gyrus (mSTG), frontal lobe, and parahippocampal gyrus (PHG).
The graph theory metrics that contributed most to these significant ISCs
were ASP, cost, and RD.

ISCs from SC analysis included regions spanning diverse cortical and
subcortical areas. Key components included the right insula characterized
by ASP, the posterior cingulate gyrus and medial superior temporal gyrus
white matter (mSTG bilaterally), both characterized by ASP, as well as the
frontal lobe (FL) and its white matter showing ASP and cost metrics.
Additional components involved regions associated with sensorimotor and
cognitive processing, including the anterior middle/inferior temporal gyrus
(aM/ITG) with ASP, parietal lobe (PL) and its white matter showing both
ASP and cost metrics, and the occipital lobe white matter (OL) demon-
strating cost metrics. The cerebellum was also identified with ASP metrics.
These components represent both significant and non-significant associa-
tions with EF, providing a comprehensive view of structural organization
before examining their relationships with EF outcomes.

Table 1 | Maternal and infant clinical characteristics

Baseline variables® Sample with Original sample
complete with MRI
data (n =212) data (N = 363)
Maternal age, M (SD) 29.8 (5.6) 29.2 (5.5)
Maternal smoking during 27 (12.7%) 45 (12.4%)

pregnancy

Hypertensive disorders of 91 (42.9%) 155 (42.7%)

pregnancy
On mom’s own milk at NICU 116 (54.7%) 192 (52.9%)
discharge

High social risk 34 (16%) 65 (17.9%)
Antenatal corticosteroids 198 (93.4%) 335 (92.3%)
Female sex 110 (51.9%) 192 (52.9%)
Gestational age, weeks, 29.3 (2.5 29.3 (2.5)
mean (SD)

Birth weight Z-score, mean (SD) 0.075 (1.04) 0.08 (0.99)
Retinopathy of prematurity 68 (32.1%) 122 (33.6%)
Bronchopulmonary dysplasia’ 82 (38.8%) 149 (41%)
Blood stream infection during 20 (9.4%) 40 (11%)
hospitalization

Moderate-severe histologic 36 (17%) 53 (14.6%)
chorioamnionitis

Apgar score at 5 min below 5° 26 (12.4%) 46 (12.8%)
Postmenstrual age at MRl scan, 42.8 (1.3) 42.7 (1.4)
weeks, mean (SD)

Global brain abnormality score, 42,7) 5(2,8)

median (IQR)*

The comparsion between the sample with complete data (n = 212) and orginal data (N = 363) for both
superscript symbols "t" and "#" were not significant (o > 0.05).

“These clinical and conventional MRI variables were selected a priori for the robust regression
model.

bCalculated out of 210 as two preterm infants were delivered at home.
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Table 2 | Results of the robust linear regression for structural
modes of inter-subject covariation (ISCs) derived from
diffusion MRI in relation to executive function (EF) at 3 years
corrected age in preterm infants

Table 3 | Results of the robust linear regression for functional
modes of inter-subject covariation (ISCs) derived from
resting-state fMRI in relation to executive function (EF) at 3
years corrected age in preterm infants

Predictors Coef. Coef.95% Cl ¢ p-value Predictors Coef. Coef.95% Cl t p-value
(ISCs) [LL, UL] (ISCs) [LL, UL]
ISC ASP7 0.136 [-0.68, 0.95] 0.328 0.743 ISC ASP8 —0.693 [-2.89, 1.50] —0.620 0.536
ISC ASP10 —0.022 [-0.82,0.77] —0.055 0.956 ISC ASP19 —0.008 [-0.84, 0.83] —0.020 0.984
ISC ASP23 —-1.192 [-1.96, -0.43] —3.059 0.003* ISC BC4 —0.737 [-1.65,0.18] —1.582 0.115
ISC BC20 0.602 [-0.16, 1.36] 1.549 0.121 ISC BC5 0.819 [-0.06, 1.70] 1.834 0.068
ISC CC16 0.301 [-0.60, 1.20] 0.655 0.512 ISC BC15 1.422 [0.57,2.27] 3.273 0.001*
ISC CC22 0.605 [-0.19, 1.40] 1.497 0.134 ISC BC23 0.559 [-0.29, 1.40] 1.298 0.196
ISC LE6 0.021 [-0.92, 0.96] 0.045 0.964 ISC CC20 0.249 [-0.83, 1.33] 0.450 0.653
ISC CC23 0.434 [-0.39, 1.26] 1.036 0.300 ISC CC22 —0.447 [-2.57,1.67] —-0.413 0.680
ISC CO6 0.787 [0.01, 1.57] 1.977 0.049* ISC CO6 0.833 [-0.08, 1.75] 1.783 0.076
ISC CO28 1.173 [0.36, 1.99] 2.811 0.005* ISC CO27 1.160 [0.26, 2.06] 2.534 0.012*
ISC RD3 —1.087 [-1.95, -0.23] —2.473 0.014* ISC LE6 0.261 [-0.72, 1.24] 0.522 0.602
ISC RD17 —0.297 [-1.11,0.52] —-0.713 0.476 ISC LE7 —0.844 [-1.81,0.12] —1.717 0.088

Coefficients (Coef.) and 95% confidence intervals ([LL, UL]) are derived from a robust linear model in ISC LE8 —-0.917 [-1.82, —0.01] —1.985 0.049*

which only the ISCs that survived the LASSO selection were included. This model controlled for SC

antenatal corticosteroids, gestational age, retinopathy of prematurity, bronchopulmonary ! LET2 0.513 [-0.39, 1.42] 1.109 0.269

dysplasia, high social risk, postmenstrual age at MRI scan, global brain abnormality score, maternal ISC LE15 —0.490 [-1.35,0.37] —1.122 0.263

age, hypertensive disorders of pregnancy, moderate-severe histologic chorioamnionitis, maternal

smoking, Apgar score at 5 min below 5, bloodstream infection, and receiving mother’s own milk at ISCLE16 —0.376 [-1.44,0.68] —0.696 0.488

NICU discharge. Covariates were standardized, and heteroskedasticity-consistent standard errors
were used. A single asterisk (*) indicates p < 0.05.

ISCs modes of inter-subject covariation, ASP average path length, BC betweenness centrality, CC
clustering coefficient, LE local efficiency, CO cost, RD regional degree

The robust regression analysis using dMRI metrics (Table 2) revealed
there was a significant negative correlation between the ASP (ISC 23) and
the MEFS score (f=—1.19, p=0.002). ISC 23 featured bilateral insular
regions as its primary contributors. Additionally, a higher cost graph theory
metric within ISC CO6 and ISC CO28 was positively associated with
improved EF performance ($=0.79, p<0.05 and f=1.17, p<0.01,
respectively). The aPHG and the FL demonstrated the highest cost within
those two ISCs. Last, the regional degree metric, reflecting the number of
direct connections a brain region has within the network, indicated that ISC
RD3, dominated by the right OL, FL, and PL, showed a negative association
with EF performance ( = —1.09, SE = 0.440, p < 0.05).

ISCs derived from FC analysis encompassed regions spanning a range
of cognitive and sensory pathways. Within these, the anterior lateral tem-
poral lobe white matter (aLTL) and aCG were characterized by BC, and the
medial superior temporal gyrus (mSTG) showing cost metrics. Compo-
nents relevant to visual and cognitive processing included the lateral
occipito-temporal gyrus/anterior fusiform gyrus (LOTG/aFuG) with BC,
and OL showing cost metrics in both gray and white matter. The pM/ITG
demonstrated BC, while its gray matter showed bilateral cost metrics.
Additional regions involved memory and cognitive processing, such as the
hippocampus showing local efficiency, pPHG and caudate with cost
metrics, and parietal lobe (PL) demonstrating local efficiency. The frontal
lobe (FL) showed cost metrics. These components represent both significant
and non-significant associations with EF, providing a comprehensive view
of functional organization in our cohort before examining their relation-
ships with EF outcomes.

The robust regression analysis using rs-fMRI metrics (Table 3) revealed
that ISC 15 of the BC graph metric was directly associated with EF (8 = 1.42
SE =0.434, p <0.01). ISC 15 was notable for higher betweenness centrality
in posterior parietal regions. Furthermore, ISC 27 of the cost graph metric
demonstrated a significant direct association with EF (8 =1.16, p <0.05),
exhibiting high-cost values in occipital and frontal areas. Additionally, the
analysis identified ISC 8 of the LE graph theory metric as another significant
contributor to EF. The LE graph theory metric of ISC 8 was inversely

Coefficients (Coef.) and 95% confidence intervals ([LL, UL]) are derived from a robust linear model in
which only the ISCs that survived the LASSO selection were included. This model controlled for
antenatal corticosteroids, gestational age, retinopathy of prematurity, bronchopulmonary
dysplasia, high social risk, postmenstrual age at MRI scan, global brain abnormality score, maternal
age, hypertensive disorders of pregnancy, moderate-severe histologic chorioamnionitis, maternal
smoking, Apgar score at 5 min below 5, blood stream infection, and receiving mother’s own milk at
NICU discharge. Covariates were standardized, and heteroskedasticity-consistent standard errors
were used. A single asterisk (*) indicates p < 0.05.

ISCs modes of inter-subject covariation, ASP average path length, BC betweenness centrality, CC
clustering coefficient, CO cost, LE local efficiency.

associated with EF (= —0.92, SE = 0.462, p < 0.05), with the right pSTG
WM as the highest-contributing region.

Our primary findings focus on these ISCs derived from NMF and their
associations with EF. Additional exploratory analyses investigating
structure—function relationships are presented in Supplementary Infor-
mation. The CCA revealed two significant canonical pairs (Fig. 1a, b). First,
structural features within temporal and frontal lobes were associated with
functional characteristics in occipital and medial temporal areas (R* = 0.25,
PFDR < 0.001), suggesting that structural efficiency of these regions shapes
their functional organization. Second, SC in superior temporal, parietal, and
frontal lobes was associated with FC in medial temporal and occipital lobes
(R? = 0.14, pFDR < 0.05), highlighting the role of structural attributes in
supporting functional networks. Additionally, by weighting their canonical
coefficients, we further examined the associations of each SC and FC cov-
ariate (Fig. 2a, b). The analysis revealed that structural graph theory metrics
of ASP in the cerebellum, PL, mSTG, insula, and FL were each associated to
cost and LE graph theory metrics of the FC in OL, posterior para-
hippocampal gyrus (pPHG), caudate and hippocampus. Full details of these
canonical pairs and their implications are provided in supplementary
information.

Discussion

This is the first study in preterm infants to investigate the early development
of structural and functional networks at TEA that subserve EF development
at 3 years CA. We accomplished this goal by studying a large and diverse
cohort of preterm infants recruited from five academic and non-academic
NICUs from a geographically defined region of Southwest Ohio. We
assessed EF at 3 years of age because it represents a developmentally
meaningful time point at which EF skills become more stable and mea-
surable, and the MEFS used in this study is validated for this age group. Our
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Fig. 1 | Canonical correlation analysis of structural and functional connectivity.
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study revealed three key findings: (1) SC in regions such as the insula, middle
superior temporal gyrus (mSTG), frontal lobe (FL), and PHG was associated
with EF performance; (2) FC in parietal and temporal areas was linked to EF
development; and (3) certain structural features appeared to shape func-
tional organization in ways crucial for EF. These observations extend cur-
rent knowledge by demonstrating how early brain connectivity patterns
may influence EF development in preterm infants. For instance, our finding
of the insula’s involvement in EF aligns with prior research* while extending
it to the preterm population. Notably, higher connection density in certain
frontal and temporal regions positively correlated with EF outcomes,
whereas degree metrics in areas linked to attention showed a negative
association. In addition, parietal lobe (PL) connectivity measures implicated
in information flow were related to EF, highlighting the importance of
integrative processing. While these findings provide insights into early
markers of EF development, further longitudinal studies are needed before
they can inform clinical interventions. Our findings highlight the unique
structure—function associations in the preterm brain and suggest a broadly
distributed reliance on multiple regions for EF processing. These findings
offer insights into the organizational basis of EF in preterm infants, where
the SC analyses indicate that certain white matter tracts may scaffold the
more distributed functional activities observed in the FC data. Next, we
describe each of our three findings in more detail.

With regards to SC and its association with EF, our findings refine the
understanding of the associations between SC and EF in preterm infants,
demonstrating that the efficiency of information transfer in these inter-
connected regions is inherently linked to their structural coupling during
EF, with the insula and the mSTG playing a key role (ASP ISC23). The study
identified positive associations between the cost (density of connections) in
ISC CO6 and ISC CO28 and EF performance. Although ISC CO28 and ISC
CO6 show overlapping features with well-known higher-order networks,
both had high costs in the anterior parahippocampal gyrus and frontal lobe,
respectively. The structural efficiency of key regions, such as the insula,
mSTG, FL, OL, PHG, and PL, as well as the density, nodal connectivity, and
centrality of these structural connections, shape EF in preterm infants. The
cost metric for both ISCs CO06 and CO28 highlighted the WM of the FL
and PL, integral to attentional and cognitive control and serving as the basis
for visuospatial processing”**. The average ASP and cost metric reflect the
agility of information transit within the EF circuitry” and the metabolic and
developmental investments in maintaining these neural pathways™,
respectively. This increased SC may reflect the brain’s compensatory
mechanisms or adaptive plasticity in response to preterm birth, potentially
supporting the development of cognitive control and working memory
processes essential for EF. The connectivity patterns of the insula and FL
correlate with cognitive control, and the involvement of the right PL
underlines attentional mechanisms, thereby contributing to EF maturation
in preterminfants®”'. We also observed that the regions comprising ISC
RD3, specifically the right OL, FL, PL, and thalamic areas, align with the
functional domains of visual processing and attention networks, indicative
of their role as well-connected neural hubs, with their SC, as quantified by
RD and ASP, being associated with emerging cognition in both preterm and
term infants'>***’. Moreover, our findings suggest a non-linear relationship
between regional connectivity in ISC RD3 and EF, possibly attributable to a

54,55

disproportionate emphasis on local versus distributed processing™”,
aligning with the concept of neural efficiency and supporting the notion that
specialized regions must effectively relate to enable complex functions****”,
while providing unique insights into the association between structural
topology, efficiency, and emerging EF in high-risk preterm infants through
the elucidation of RD centrality. In structural analyses, shorter average path
length in the insula and parietal regions may reflect efficient white-matter
pathways that partly compensate for neonatal disruptions, potentially
supporting foundational EF skills.

With regards to FC and EF, our results revealed the BC (reflecting
information flow and communication between brain regions) of the left PL’s
WM (ISC BC5) as a central conduit, showing its role in cognitive processes
pivotal to EF such as attentional control and working memory. This finding

aligns with existing research identifying the aMTL and PL as core compo-
nents involved in EF maturation in preterm infants scanned at TEA*. The
BC of the PL suggests its strategic role as a key hub supporting the view that
its intermediacy appears particularly vital for facilitating EFs in preterm
children scanned at school age””*. Concurrently, the cost-efficiency metric
within ISC CO27 offers a window into the functional significance of the FL
and PHG. The density of connections (cost) in these areas, in concert with
the OL, is integral to visual and memory-related processing, with a marked
left hemispheric dominance that may underlie early cognitive functions.
The correlation between the efficiency of ISC CO27 and EF scores shows the
nature of efficient neural connectivity for cognitive maturation in preterm
infants and aligns with results using longitudinal network analysis in infants
scanned from birth to TEA*, demonstrating that the strength and spatial
extent of RSN increased with advancing postmenstrual age, suggesting
ongoing network development and maturation. In ISC LES, the LE metrics
substantiate the significance of the left PL and FL, along with the bilateral
cerebellum, supporting previous studies of these regions in cognitive
development of adolescents and young adults born preterm'>”’. The nega-
tive association between the LE of the pSTG and EF in preterm infants
suggests that lower LE of the pSTG results from perinatal brain injury and/
or brain immaturity. This finding is consistent with the concept of neural
inefficiency, where a less efficient brain requires more resources to performa
given task”. Perinatal brain injury and immaturity can lead to disrupted
neural connectivity and organization, resulting in reduced LE of specific
brain areas, such as the pSTG, as demonstrated in studies of infants and
preadolescents born preterm”*”’. Consequently, there may be advantages to
focusing on the development of other positive regional networks to advance
EF development. The compensatory mechanism may involve the recruit-
ment of additional brain networks to support EF as the result of inefficient
specialized networks, as shown in studies of preterm infants scanned
longitudinally from birth to TEA*™**®. Our findings both align with and
extend previous studies on older preterm children and adults. For instance,
our observation of altered connectivity in higher-order networks is con-
sistent with findings in older preterm populations. However, our study
uniquely demonstrates that these alterations are already present at term-
equivalent age and are predictive of later EF performance. Conversely, in
functional analyses, higher betweenness centrality in these same areas could
indicate an adaptive recruitment of alternative network hubs to maintain
cognitive function. Whether these patterns remain stable, regress, or further
specialize depends on longitudinal developmental trajectories. Future
imaging at multiple time points will clarify whether these early connectivity
profiles solidify into long-term compensatory mechanisms or eventually
give way to more specialized organization as children mature.

The functional-functional associations shown in our analysis
underscore how the SN, ECN, and DMN collectively contribute to early
EF development in preterm infants. Previous studies in adults have
indicated that the DMN is less directly associated with EF, with the ECN
and SN being more consistently involved in EF*"**. However, our findings
suggest that in the context of preterm infants, the DMN may play an even
more integral role in the early stages of EF development. This is a pivotal
distinction, as it indicates that the preterm brain may utilize the DMN
differently or more extensively in supporting the emergence of executive
capacities compared to term-born counterparts. Such extended associa-
tions across these networks in preterm infants underscore a divergent
pattern of neural integration and suggest that these children might engage
alternative or additional neural resources to support EF. This view is
supported by studies showing that children born preterm engage in aty-
pical language pathways to perform comparably to term peers™”. This
adaptability is indicative of the inherent neuroplasticity in the developing
preterm brain® and highlights the importance of tailored investigations
into the unique trajectories of EF maturation in preterm infants. Our
findings of distributed network support for EF in preterm infants align
with observations in other cognitive domains, such as language devel-
opment. For instance, Scheinost, et al.* reported that preterm infants tend
to utilize more right-hemisphere homologs of left-hemisphere language
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regions, suggesting a more distributed language network. This parallel
between EF and language networks raises the question of whether these
distributed patterns represent compensatory mechanisms or deficits. The
engagement of broader neural networks could reflect the preterm brain’s
adaptive plasticity, recruiting additional resources to support cognitive
functions. Alternatively, it might indicate a delay in the specialization and
segregation of functional networks. Future research combining long-
itudinal imaging with detailed cognitive assessments could help differ-
entiate between these possibilities. Moreover, this distributed pattern may
extend to other cognitive functions in preterm infants, highlighting the
importance of considering whole-brain network reorganization when
studying neurodevelopmental outcomes in this population.

Our study has three primary limitations. First, EF remains a complex
and evolving construct, particularly during early childhood, and no uni-
versally validated measure exists for children younger than 3. While the
MEEFS is among the few tools validated at this age, it captures EF in a
unidimensional manner. We are currently collecting more refined EF
measures at ages 5 and 7 to build upon these initial findings. Second,
interpreting the modes of ISCs from NMF must be done with caution, as
they reflect data-driven patterns rather than strictly delineated networks.
Third, although our sample is large and diverse, the developmental trajec-
tory of preterm-born children can vary widely, necessitating longitudinal
imaging to confirm whether these early connectivity patterns stabilize or
evolve over time.

While our findings provide insights into the structural and functional
organization of the preterm brain, the immediate translation of these net-
work measures into clinical interventions remains premature. Rather than
offering direct clinical guidelines, our results should be viewed as hypoth-
esis-generating, opening avenues for future inquiries into early neurode-
velopmental processes. Prospective longitudinal studies and targeted
intervention trials will be essential to determine whether the identified
connectivity patterns can be leveraged to improve executive outcomes or to
develop precision-based interventions tailored to infants at highest risk of
EF deficits. This work thus lays an early foundation for understanding the
neurobiological underpinnings of EF development in preterm infants,
highlighting how specific structural and functional configurations may
scaffold emerging cognitive control. Building on our observations, sub-
sequent research could examine whether particular connectivity profiles
reliably predict discrete EF subcomponents—such as inhibitory control,
cognitive flexibility, or working memory—and whether targeted interven-
tions can reinforce beneficial brain network arrangements. Additionally,
these measures might serve as early biomarkers, enabling clinicians to
identify infants who would benefit from enhanced monitoring or proactive
support. However, significant further investigation, including repeated
neuroimaging across multiple time points and randomized interventions,
must precede any clinical application of our findings. Despite these lim-
itations, our study has several noteworthy strengths. First, it is the earliest
investigation to apply multimodal, advanced graph-theoretical methods
(NMF, CCA) to alarge sample of preterm infants, controlling for key clinical
variables and thus enhancing the validity of our conclusions. Second, we
were able to capture brain development near term-equivalent age, before
extensive environmental influences could confound the relationship
between early brain connectivity and EF outcomes. Although the direct
clinical implications remain to be established, our results underscore the
importance of continued research into the neural architecture underpinning
EF in this vulnerable population.

In conclusion, our results show that structural and FC at TEA—par-
ticularly involving the insula, parietal lobe, and middle superior temporal
gyrus—are key determinants of EF development at 3 years CA in preterm
infants. These infants may rely on a more distributed network architecture
for EF processing, perhaps reflecting adaptive mechanisms for develop-
mental disruptions. By considering both local and global changes in
structural and FC, our findings deepen the understanding of neurodeve-
lopmental consequences of preterm birth and pave the way for future

research on how these early connectivity markers might predict and
potentially improve long-term cognitive outcomes.

Methods

Participants

Data for this study came from a large (n = 395) prospectively studied cohort
that recruited preterm infants born at or below 32 weeks’ GA from five
Greater Cincinnati area level-III/IV neonatal intensive care units (NICUs)
between June 2017 and November 2019. Institutional ethics approval was
obtained from the Cincinnati Children’s Hospital Medical Center Institu-
tional Review Board, with reciprocal consent from the four additional
NICUs. Before enrollment, written informed consent was obtained from
each infant’s parent or legal guardian. All ethical regulations relevant to
human research participants were followed. The original cohort excluded
infants with congenital brain malformations, cyanotic heart defects, or
chromosomal anomalies. For this sub-study, we excluded infants due to
motion-corrupted diffusion MRI (n = 32), inability to complete EF assess-
ment (n =91), and not having either rs-fMRI or dMRI data (n = 60) from
the original sample of 395 infants resulting in a sample size of 212. All
participants with MRI data SC: n =358; FC: n =363) were initially con-
sidered for deriving the modes of inter-subject covariation (see below). For
subsequent analyses linking MRI to EF, 212 participants with complete
imaging and EF data were included.

Procedures

All infants underwent an anatomic MRI, rs-fMRI, and dMRI around their
expected birthdate. Caregivers completed a demographic survey at study
enrollment which included information on six socioeconomic factors:
family structure, household income, employment status of primary provi-
der, language spoken at home, maternal age at birth, and education of
primary caregiver. This information was utilized to derive a social risk score
as per Roberts et al. with one difference — we replaced occupation of primary
provider with household income® as previously described™. Scores ranged
from 0 to 12 with higher scores indicating higher social risk; scores of >6
were considered high risk. All clinical data were collected prospectively from
maternal and infant electronic medical records by trained clinical research
coordinators or nurses using predefined variables. Specifically, clinical
characteristics, pregnancy/delivery data, and neonatal intensive care unit
(NICU) parameters were systematically recorded following a standardized
protocol. The data collection process adhered to rigorous methodologies to
ensure accuracy and completeness, mirroring the structured approach used
by Parikh et al.” to document perinatal risk and protective factors associated
with neurodevelopmental outcomes. At 3 years corrected age (CA), a rig-
orously trained, certified examiner—masked to imaging findings—admi-
nistered the executive function (EF) assessment to the child on an Android
tablet. The assessment protocol followed standardized guidelines to ensure
consistency across participants, minimizing potential biases in
measurement.

EF assessment

The MEES is a computerized application based on the Dimensional Change
Card Sort Task®™", measuring cognitive flexibility, working memory, and
inhibitory control. MEFS yields an age-normed standard score (M = 100,
SD = 15) reflecting a unidimensional EF construct in early childhood™. We
chose to assess EF at 3 years of age as it provides a more stable measure
compared to earlier time points like 18 months. At 3 years, EF becomes
more differentiated and measurable. The MEFS tasks children to sort cards
that progressively increase in complexity with an adaptive algorithm that
adjusts the difficulty in real-time based on the child’s performance, ensuring
an appropriate challenge level. The MEFS demonstrates robust psycho-
metric properties, including high reliability (intraclass correlation coeffi-
cient=0.93), and has been extensively validated in over 7000 children,
including those down to 2 years of age’"”*, and is sensitive to age-related EF
development”. Higher MEFS scores indicate higher EF.
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The comprehensive methodological approach employed in this study,
combining advanced neuroimaging techniques (dMRI and rs-fMRI) with
sophisticated analytical methods (NMF and LASSO), allows for a better
exploration of the complex interplay between structural and functional
brain connectivity in preterm infants. By examining both structural and
functional connectomes, we aim to better understand how early brain
organization at TEA relates to later EF development. The use of ISC and
their association with EF scores provides a more holistic view of brain
network dynamics, moving beyond simple region-to-region connections.
This approach, while exploratory in nature, represents a first step in com-
prehensively investigating the relationship between early brain connectivity
patterns and EF in preterm infants. By capturing the intricacies of brain
development and function in this group, we hope to lay the groundwork for
future research that may inform our understanding of neurodevelopmental
processes following preterm birth. It’s important to note that as a basic
associative study, our findings are preliminary and will require further
validation before any clinical applications can be considered.

MRI data acquisition

The use of both structural and functional neuroimaging modalities in our
study is crucial for comprehensively understanding brain development and
function in preterm infants. This multimodal approach allows us to examine
how structural changes may underpin functional adaptations, offering a
more complete picture of brain organization in preterm infants.

Infants were scanned on a single 3 T Philips Ingenia MRI scanner (Best,
Netherlands) using a 32-channel head coil. Diffusion-weighted imaging
(DWI) was performed using b =800 s/mm® The acquisition parameters
were: TE/TR = 88/6972 ms, 90° flip angle, FOV =160 x 160 mm?, resolu-
tion=2.0 x 2.0 x 2.0 mm?>, no SENSE or multiband factor, 36 directions,
5:58 min acquisition time.

The rs-fMRI data were acquired using the following parameters: TR =

1195 ms, TE = 45 ms, flip angle=55°, resolution=2.5 x 2.5 x 2.5 mm®, multi-
band factor=3, with 400 frames collected over 8:12 min. High-resolution
anatomical scans were obtained using axial T2-weighted (TE/TR =166/
10,000 ms, 90° flip angle, 1.0 x 1.0 x 1.0 mm® voxels, 3:53 min), sagittal 3D
T1-weighted (TE/TR = 3.4/7.3 ms, 11° flip angle, 1.0 x 1.0 x 1.0 mm® voxels,
2:47 min), and axial susceptibility-weighted imaging (TE/TR = 7.2/29 ms, 17°
flip angle, 0.57 x 0.57 x 1.00 mm® voxels, 3:27 min) sequences.

Structural preprocessing and connectome construction

All diffusion MRI (dMRI) data were preprocessed using the FMRIB
Software Library (FSL)™* to correct for off-resonance field effects, eddy
current distortions, and subject motion. Specifically, we first employed
FSL’s topup to estimate and correct off-resonance fields, followed by FSL’s
eddy tool with outlier replacement to address eddy current-induced dis-
tortions and residual head motion. These steps ensured that potential
artifacts were minimized prior to further analyses. Next, each infant’s
diffusion data were registered to their age-matched anatomical image
using a boundary-based registration (BBR) approach and non-linear
registration via FNIRT’*’’. An automated quality control procedure was
then applied, discarding volumes with framewise displacements exceed-
ing 0.3 mm or substantial signal dropout. Subsequently, we computed
advanced diffusion metrics (fractional anisotropy (FA)), based on a dif-
fusion kurtosis-augmented (DKI) tensor model”’. To accurately recon-
struct fiber pathways, we leveraged the MRtrix3 toolbox® and accounted
for the unique properties of the neonatal brain. Unlike the adult brain,
neonatal white matter exhibits lower anisotropy, posing additional chal-
lenges for diffusion modeling. In this study, we employed a traditional
tensor-based approach using a single b-value (b=800s/mm?), which
remains appropriate for our neonatal sample. Although advanced sphe-
rical deconvolution methods can accommodate crossing fibers more
flexibly, our acquisition parameters and single-shell design are more
suitably analyzed via this standard tensor model. We visually inspected
the resulting tractography to ensure alignment and coverage of major
white-matter pathways in these preterm infants, yielding robust

connectome reconstructions at term-equivalent age. This approach pro-
vides more reliable fiber-orientation estimates and, by extension, more
accurate connectome construction. For node definition, we employed the
developing Human Connectome Project (dHCP) neonatal brain atlas’™",
which partitions the brain into 82 cortical and subcortical regions of
interest (ROIs). Each infant’s T2-weighted anatomical scan was non-
linearly registered to the dHCP T2-weighted template using Advanced
Normalization Tools (ANTSs)", and this transformation was then applied
to the dHCP atlas, bringing the 82 ROIs into the infant’s native space. We
visually inspected each registration to ensure alignment quality, and
subsequently, the diffusion data were registered to the T2-weighted image
via a rigid-body transformation®. To derive each infant’s structural
connectome, we computed the mean FA values for all fiber tracts con-
necting each pair of the 82 ROIs. This yielded a symmetric 82x82 adja-
cency matrix, where each cell reflects the FA-weighted SC strength
between the corresponding ROIs. These matrices thus served as indivi-
dualized, anatomically informed representations of each infant’s early
structural brain network.

Functional preprocessing and connectome construction

The rs-fMRI data were preprocessed using the dHCP functional pipeline®,
including distortion correction, slice-to-volume motion correction, and
structured noise denoising. Using the same 82-region atlas*, Pearson cor-
relations between each pair of ROIs were computed, generating an 82x82
adjacency matrix characterizing FC.

Graph theory analysis of structural and functional connectome
Graph theory metrics for both functional and structural brain connectivity
were computed using Brain Connectivity Toolbox®. We derived the fol-
lowing metrics to enable a detailed characterization of the brain networks: 1)
degree (the number of connections linked to a node), 2) cost (the ratio of
existing connections to possible connections for a node), 3) betweenness
centrality (BC: a measure of a node’s centrality in a network, determining its
influence over information flow), 4) average path length (ASP: the mean
distance between a node and all other nodes), 5) clustering coefficient (CC:
indicating the degree to which nodes in a network tend to cluster together),
6) local efficiency (LE: reflecting the efficiency of information transfer in the
immediate neighborhood of a node), and 7) global efficiency (GE: a measure
of the network’s overall efficiency in information transfer). Graph theory
values for both the structural and functional connectome are generated for
all 82 nodes for each of the graph theory metrics except GE (global brain
measure).

Modes of Inter-Subject Covariation (ISC) via Non-negative Matrix
Factorization (NMF). We employed non-negative matrix factorization
(NMF) to identify modes of inter-subject covariation (ISC) in graph-
theoretical metrics derived from both SC and FC*. Specifically,
SC (N=358) and FC (N=363) data were organized into matrices
X € RN*®, where each row contained node-level metrics for an
individual infant. NMF factorized these matrices into two non-negative
matrices, W (subject loadings) and H (regional contributions), such that
X =~ W x H. By enforcing non-negativity, NMF reveals positively valued,
overlapping patterns of variability in SC and FC. We evaluated a range of
possible mode numbers (k=2 to 31) and selected the optimal k by
iteratively adjusting an adaptive relative error threshold, thereby balan-
cing model accuracy with complexity®*. Once the optimal number of
modes was determined, NMF was re-initialized and refitted to ensure
stable results. Finally, we retained regions exceeding a conservative 1%
contribution threshold in H, following established guidelines (e.g.
Sotiras, et al.”’), which yielded interpretable modes of inter-subject cov-
ariation in the graph metrics (Fig. 3).

The ensuing basis matrices W and Wy, were concatenated to com-
pose an integrated feature set, encapsulating the collective connectivity
profile. These composite features were then employed in the least absolute
shrinkage and selection operator (LASSO) model.
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Fig. 3 | Canonical associations between structural and functional connectivity.
This multimodal connectivity circos plot for the canonical covariate pairs shows the
intricate associations between FC and SC variables across two unique canonical
covariate pairs 1 (a) and 2 (b). The SC variables are depicted along the radial axis,
serving as the basis for the inner tracks. Correspondingly, the FC variables are
shown as segments along the circular edge. The chords connecting FC and SC

oPHEWM) Ol
\_c0 r_co

& G
Y e oy
<,
& 2
& <3
s \
$ o
N S z
g5 p | 3
) 3 ©
~ ! ‘
% =
-3 o ) NP
=8 b B &
BN -
] N AN if
E b 28

R
>
o
77

3,
% / S
<
2 > &
Y
&
%, §
)
N, G  —1 )
MR

mSTG(WM)
|_asp

Lo
variables indicate their mutual influence, quantified by the weighted canonical
correlation, and demonstrate the integrated nature of structural and functional
attributes in each canonical variate pair. The thickness of each chord is proportional
to the combined canonical weights of the connecting variables, serving as a visual
proxy for the magnitude of their interaction.

Feature selection and regularization using LASSO

To link these NMF-derived modes to EF, we employed LASSO regression
with embedded feature selection. The standard MEES score served as the
outcome, while each individual’s loadings on the modes (from W) acted as
predictors. We used 10-fold cross-validation to identify the alpha parameter
that minimized out-of-sample prediction error; the final model was refitted
on the entire dataset to obtain predictions and estimate mean squared error.
Features surviving LASSO shrinkage are thus considered key candidates in
explaining EF variability.

Robust regression models

For final inference, we included only those modes that survived LASSO in a
robust linear regression (MASS package in R). The following clinical con-
founders were controlled for in the regression model: antenatal corticos-
teroids (ACS), GA, retinopathy of prematurity (ROP), bronchopulmonary
dysplasia (BPD)*, high social risk, postmenstrual age at MRI scan (PMA),
global brain abnormality score’’, maternal age (MA), hypertensive disorders
of pregnancy (HDP), moderate-severe histologic chorioamnionitis,
maternal smoking during pregnancy, Apgar score at 5 min below 5, blood
stream infection during hospitalization, and receiving mother’s own milk at
NICU discharge. Covariates were standardized, and robust standard errors
were computed using heteroskedasticity-consistent estimates from the
‘sandwich’ package™. Coefficients represent independent effects of each
mode on EF, adjusted for all other variables.

Exploratory Canonical Correlation Analysis (CCA)

As a secondary, exploratory analysis (detailed in the Supplementary
Information), we performed CCA to investigate structure-function rela-
tionships among NMF-derived modes that were significantly related to EF
(Supplementary Figs. 1 and 2). We applied FDR correction for multiple
comparisons. This analysis aims to elucidate how structural properties
might shape functional organization, rather than re-evaluating EF
associations.

Statistics and reproducibility
In this study, a total of 212 preterm infants (<32 weeks” gestation) were
included, each having complete data for dMRI, rs-fMRI, and EF assessments

at 3 years CA. Because this investigation focused on how individual-level
brain measures relate to EF outcomes, each infant constitutes a unique
biological replicate; no technical replicates were undertaken. The final
sample size of 212, drawn from an original cohort of 395, was determined by
data availability, as infants with missing or motion-corrupted scans were
excluded to ensure consistent data quality.

All statistical analyses were conducted using R (version 4.1.0 or later).
First, graph-theoretical metrics (including average path length, cost,
betweenness centrality, clustering coefficient, local efficiency, and regional
degree) were computed for 82 brain regions in both structural and func-
tional connectomes, derived respectively from dMRI and rs-fMRI data.
Next, NMF was applied separately to these structural and functional mea-
sures to identify ISCs. These ISCs represent data-driven patterns in con-
nectivity, rather than predefined resting-state networks.

To select the most relevant ISCs for predicting EF, LASSO regression
with 10-fold cross-validation was implemented. Only the ISCs surviving
LASSO’s penalty were entered into a final robust linear regression model
using the MASS package in R. This approach is less sensitive to outliers and
heteroskedasticity, and we further employed heteroskedasticity-consistent
standard errors (from the sandwich package) to maintain statistical rigor. In
each regression, we controlled for a series of a priori clinical and demo-
graphic covariates (e.g., gestational age, high social risk, bronchopulmonary
dysplasia), which were all standardized for interpretive clarity. Statistical
significance was evaluated at p < 0.05, with one asterisk (*) in tables indi-
cating p-values below this threshold. Additional corrections such as the false
discovery rate (FDR) were applied where multiple comparisons were per-
formed (e.g., in canonical correlation analyses).

We used consistent neuroimaging acquisition protocols on a single 3 T
system. Standardized pipelines (FSL, MRtrix, and the Brain Connectivity
Toolbox) were used for preprocessing and graph metric computations, and
motion-corrupted scans were excluded through automated and manual
quality checks. Relevant R scripts (including those for NMF, LASSO feature
selection, and robust regression) are freely available.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

All relevant data generated or analyzed during this study have been
deposited in Figshare (https://doi.org/10.6084/m9.figshare.28369703.v2)™.
This repository contains comprehensive structural and structural con-
nectivity metrics derived from diffusion MRI and rsMRI, baseline char-
acteristics (clinical and demographic confounder data for each participant),
and Minnesota Executive Function Scale (MEFS) outcomes at 3 years
corrected age. SC and FC (subsets of top predictive variables selected via
LASSO and top variable scores (individual-level data for the highest-
contributing structural and functional connectivity metrics).

Code availability

The NMF network components for both functional and structural data for
each graph theory metrics types and source code used in this study is
publicly accessible on GitHub: https://github.com/abioty/Neuro_Dev_EF_
CINEPS
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