Pre prints.org

Review Not peer-reviewed version

Neurodevelopmental Trajectories in
Preterm Neonates: Integrating
Neuroimaging Modalities with Clinical
Neurological Outcomes

Andreea loana Necula , Roxana Pavalache-Stoiciu , Larisa Nicoleta Andrasoaie , Al Jashilsam

Posted Date: 25 February 2026
doi: 10.20944/preprints202602.1313.v1

Keywords: preterm; neurodevelopment; head ultrasound; MRI; general movements

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/5051507
https://sciprofiles.com/profile/4395493
https://sciprofiles.com/profile/4070438
https://sciprofiles.com/profile/2423753
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2026 d0i:10.20944/preprints202602.1313.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Neurodevelopmental Trajectories in Preterm
Neonates: Integrating Neuroimaging Modalities with
Clinical Neurological Outcomes

Andreea-loana Necula 12, Roxana Pavalache-Stoiciu 2*, Larisa Nicoleta Andrasoaie 2*
and Al Jashi Isam 3

I Doctoral School, “Carol Davila” University of Medicine and Pharmacy, 020956 Bucharest, Romania
2 Department of Neonatology, MedLife Medical Park, 013695 Bucharest, Romania
3 Faculty of Medicine, University Titu Maiorescu, 040441 Bucharest, Romania

* Correspondence: roxana.stoiciu@s.utm.ro (R.P.S.), larisa.andrasoaie@s.utm.ro (L.N.A.)

Abstract

Objectives: This narrative review aims to demonstrate how integrating neuroimaging with
functional assessments and standardized protocols enhances the identification of long-term motor
and psychiatric risks. Methods: This review synthesized 13 high-impact studies, from the last 5 years.
The analysis focused on preterm infants (<37 weeks gestational age) and evaluated the correlation
between neuroimaging (head ultrasound (HUS), Magnetic Resonance Imaging (MRI)), head
circumference (HC), and functional assessments like Prechtl General Movements (GMs). Results:
While HUS remains the primary bedside tool, its sensitivity for subtle, non-cystic white matter injury
is limited compared to MRI. Both modalities demonstrate high negative predictive values at term-
equivalent age (TEA) for excluding severe motor deficits. Structural markers, including increased
ventricular midbody size, immature gyration, and bilateral lesion laterality, were strongly associated
with Cerebral Palsy (CP) and gross motor delays. Furthermore, TEA assessments provided superior
prognostic accuracy compared to early neonatal scans. Optimal outcomes were linked to the
integration of neuroimaging with functional assessments (GMs) and reliable parental support to
ensure follow-up compliance. Conclusions: A tiered HUS/MRI protocol combined with routine GMs
assessment enables precise prognostic counseling. Correlating TEA imaging with long-term findings
necessitates follow-up beyond 24 months.

Keywords: preterm; neurodevelopment; head ultrasound; MRI; general movements

1. Introduction

The remarkable increase in survival rates for infants with very low birth weight (VLBW) has
presented a significant clinical challenge: the high prevalence of long-term neurodevelopmental
morbidities. Survivors remain at significant risk for a range of disabilities, including Cerebral Palsy
(CP), behavioral disorders, and impaired academic achievement. To improve neonatal intensive care
and evaluate new therapies, it is essential to clearly define the structural and functional brain
abnormalities that predispose these infants to such difficulties.

Longitudinal data indicates a clear severity gradient. Infants with high-grade intraventricular
hemorrhage (IVH) and associated hydrocephalus, particularly those requiring surgical shunting,
demonstrate the highest risk for significant morbidity across neuropsychological function, and
academic skills [1].

Serial monitoring of the intracranial ventricles is a clinical priority. Standardized reference
ranges for the anterior horn width and thalamo-occipital distance have validated head ultrasound
(HUS) as a reliable tool for tracking enlargement, regardless of the infant’s sex or head position [2].
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While HUS is the standard bedside method for diagnosing major hemorrhages and
ventriculomegaly, its sensitivity for detecting subtle injuries remains a subject of ongoing studies.

Early research highlighted that while standard HUS measures are reliable for tracking the
growth of the corpus callosum and basal ganglia, they may lack the precision needed to quantify
subtle cortical depth or extracerebral space changes [3]. Qualitative studies using term-equivalent
Magnetic Resonance Imaging (MRI) have demonstrated superior sensitivity, revealing a high
prevalence of moderate to severe non-cystic white matter (WM) abnormalities that were frequently
missed by traditional ultrasound. These diffuse injuries are often linked to perinatal risk factors such
as infection or hypotension requiring inotropic support, underscoring the need for advanced imaging
to define the full nature of cerebral abnormalities [4].

The predictive power of neuroimaging is significantly improved when integrated with
functional assessments. The evaluation of General Movements (GMs) through Prechtl analysis has
developed as a highly sensitive tool for the early detection of neurological risk. GMs show strong
agreement with both ultrasound findings and clinical exams, but more importantly, they can identify
potential dysfunction in high-risk infants whose early HUS appear normal [5].

Recent efforts, such as the standardization of neonatal assessment in Romania, have
implemented comprehensive examination protocols like Amiel-Tison method. This progress has
shifted research priorities toward identifying long-term psychiatric risks, including autism spectrum
disorder, ensuring that the follow-up of former preterm infants extends beyond motor deficits to
include psychological and behavioral outcomes [6].

While neuroimaging technologies have progressed, standardized protocols and validated
prognostic tools for the preterm infants are not yet fully established. This narrative review integrates
recent findings to propose a structured, evidence-based stratification strategy.

2. Materials and Methods

A literature review was conducted to synthesize current evidence regarding the correlations
between neonatal neuroimaging, anthropometric clinical markers, and long-term neurobehavioral
development in preterm infants. The search was performed across primary biomedical databases,
including PubMed, Scopus, and Web of Science. Literature was identified using a targeted keyword-
based search strategy, incorporating terms such as “preterm neonate”, “VLBW”, “HUS”, “MRI”,
“neurodevelopmental outcome”, and “GMs”.

A total of 13 high-impact articles, comprising prospective and retrospective cohort studies,
reviews, and clinical commentaries, were selected for analysis.

The inclusion criteria included:

e  population: preterm infants, ranging from extremely extremely preterm (<28 weeks gestational
age) to late preterm (<34-37 weeks gestational age);

° diagnostic tools: HUS, MR, or head circumference (HC) measurements;

e  assessments: correlate imaging findings with standardized functional tools, such as GMs Prechtl
analysis;

e timeframe: studies from the last 5 years.

e  Studies were excluded if they met any of the following:

e technical standards: use of outdated imaging technology or non-standard protocols;

e  publication type: case reports, conference abstracts, or non-English language papers.

We focused on a limited number of articles because they provided most reliable and up-to-date
data. By keeping the selection small, we ensured that all the studies used similar imaging methods
and the same types of physical exams, making the results easier to compare.

The chronological distribution of the 13 included studies reflects a strong emphasis on
contemporary research, with the majority published within the last 3 years (Figure 1). Specifically,
the literature synthesis comprises 4 studies from 2021 (Kwong, A.K,, et al. [7], Guillot, M., et al. [8],
Inder, T.E,, et al. [9], Zhang, X.H., et al. [10]), 1 from 2022 (Helderman, J., et al. [11]), 4 from 2023
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(Kumar, N., et al. [12], McLean, G,, et al. [13], Toma, A.IL, et al. [14], Chevallier, M., et al. [15]), 3 from
2024 (Mayrink, M.L.D.S., et al. [16], Toma, A.L, et al. [17], Toma, A.L, et al. [18]), and 1 recent
publication from 2025 (Necula, A.L, et al. [19]), ensuring the integration of the most current clinical
insights and neuroimaging advancements.

Mo

20 2022 2023 2024 2025

Year of Publication

Figure 1. Distribution of Studies by Year of Publication.

The 13 included studies comprised a diverse methodological mix (Figure 2): 6 prospective cohort
studies (Zhang, X.H., et al. [10], Helderman, J., et al. [11], Kumar, N., et al. [12], Toma, A.L, et al. [14],
Mayrink, M.L.D.S,, et al. [16], Toma, A.L, et al. [17]), 4 literature reviews (Guillot, M., et al. [8], Inder,
T.E,, etal. [9], Chevallier, M., et al. [15], Necula, A.L, et al. [19]), 1 retrospective cohort study (McLean,
G., etal. [13]), 1 qualitative commentary (Kwong, A.K,, et al. [7]), and 1 pilot study (Toma, A.IL, et al.
[18]). This combination ensures a comprehensive synthesis of high-level primary evidence and expert
clinical consensus.

Study type
I':‘ilol stu d_v

Qualitative commentary

Retrospective cohort

Prospective cohont study

Literature review

Figure 2. Proportion of Study Types within the Review.

3. Results

The review of the 13 included studies (summarized in Table 1), ranging from prospective cohorts
in Brazil and Romania to comprehensive reviews from Canada and USA, reveals an integrated
approach to predict neurodevelopment in preterm infants. These studies evaluate clinical markers,
such as HC, alongside advanced neuroimaging and functional neurological assessments to establish
early prognostic indicators. The evidence consistently highlights that while survival rates for very
preterm infants have improved, the identification of subtle WM injuries and the timing of
assessments remain critical challenges for clinical practice.
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Table 1. Key Findings from Included Studies.
Reference Title Year Study Type Country Population Key findings
to ensure follow-up
compliance, parents
Early require. structured
emotional and
neurodevelopmental 19 parents .
Kwong, screening: Parent ualitative in Level III professional support;
AK,, etal. g ) 2021 q a lack of information
7] perspectives from commentary and Level revents parents from
the neonatal vNicu P pare
. . . understanding the
intensive care unit .
necessity of long-term
neurological re-
examinations
a shift from overt
cystic WM injury to
diffuse, non-cystic
patterns has been
. captured by MR,
C t
omparative while HUS and MRI
performance of head . )
reliably predicts
ultrasound and MRI =
. . . . motor deficits (CP),
Guillot, M., in detecting preterm literature preterm - o
. 2021 . Canada predicting cognitive
etal. [8] brain injury and review neonates .
. outcomes remains a
predicting .
significant challenge;
outcomes: a . . .
. . TEA imaging yields
systematic review . .
high Negative
Predictive Value,
making it highly
effective at ruling out
severe impairment
accurate prognosis
depends on matching
the neuropathology to
the modality: HUS is
effective for apparent
hemorrhagic lesions,
but MRI is superior
for detecting
Neuroimaging of cerebellar
Inder, T.E., the Preterm Brain: literature preterm hemorrhages and
, 2021 . USA . .
etal. [9] Review and review neonates  diffuse WM injury;
Recommendations MRI growth metrics

provide objective
measures of brain
development that
help characterize the
impact of preterm
birth on future
cognitive and
behavioral outcomes
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birth weight is the
most significant
protective factor
against poor

Predicting th
derejllcjh;ge;tsl outcomes; while early
outZomgs of ver 129 very scans do not correlate
Zhang, remature infanfs rospective preterm with long:-term
X.H.,, etal. P . 2021 prosp China infants ( development, serial
via ultrasound cohort study e
[10] . <28weeks  HUS classification
classification A GA) ending at TEA
CONSORT- clinical
stud cnica demonstrates strong
y associations with
mental and
psychomotor
development indices
WM injury detected
within the first 2
weeks of life is
significantly
Association of associated with poor
abnormal findings attention and
on neonatal cranial movement quality at
ultrasound with 704 infants discharge; early HUS
elderman, neurobehavior at rospective serves as safe, cost-
Held behavi prospecti USA (<30 weeks f
., etal. neonatal intensive cohort stu etfective bedside
J 1. [11] li i h dy GA) ffective bedsid
care unit discharge triage tool to identify
in infants born infants who require
before 30 weeks’ immediate
gestation therapeutic
intervention to
regulate motoric
agitation and muscle
tone.
intracranial
complications are
significantly
Role of 56 preterm associated with lower
neuroimaging in . .p GA and birth weight;
Kumar, N., . prospective . infants
preterm infants to 2023 India on the contrary, a
etal. [12] . . cohort study (<34 .
predict neurological weeks) higher-than- expected
outcomes incidence of
abnormalities (44.4%)
was found in infants
>2kg
Evaluation of a a formalized HUS
Cranial Ultrasound 242 system including
ama ason preterm subtle markers
MecLean,  Scoring System for retrospective infants (corpus callosum
G., etal. Prediction of 2023 Australia . N
[13] Abnormal Earl cohort study (median thinning, delayed
Neurodevelo mZnt GA 26.5 folding) is more
P weeks) sensitive (57%) for

in Preterm Infants

predicting CP than
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standard “severe
abnormality”
reporting (27%); late
screening (6 weeks
postnatal or TEA) is
essential to detect
WM injury and brain
atrophy that are not
visible on initial early-
life scans

atypical GM patterns,
such as “Poor
Repertoire” and
“Cramped-

Correlations L,
Synchronized”, are
between Head strongly associated
1 44
Ultrasounds preterm with TEA-HUS
Performed at Term- neonates .
. . markers of white
Equivalent Age in . (mean GA,
Toma, AL, prospective . matter volume loss
Premature Neonates 2023 Romania  33.59 .
etal. [14] cohort study and dysmaturation
and General weeks .
(reduced basal ganglia
Movements (+2.43 ) )
. width and immature
Neurologic weeks)) .
. gyration); these
Examination .
structural findings
Patterns
together are
significant predictors
of long-term motor
deficits
bilateral involvement
(laterality) and post-
hemorrhagic
ventricular dilatation
are far more reliable
Decision-making for predictors of CP than
extremely preterm the specific
. infants with severe anatomical location of
Chevallier, . extremely
hemorrhages on literature the hemorrhage; the
M., et al. 2023 . Canada  preterm )
head ultrasound: review . need for surgical
[15] . infants . LD
Science, values, and shunting significantly
communication worsens the motor
skills prognosis, whereas
traditional grading
systems have limited
utility compared to
assessing the total
extent of the injury
The trajectory of HC is a practical,
. head circumference 95 high-value clinical
Mayrink, .
and prospective .. newborns marker for
M.L.D.S,, et Brazil
al. [16] neurodevelopment cohort study (<32 weeks neurodevelopment;
' or 1500g) higher HC growth at 5

in very preterm
newborns during

months corrected age
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the first two years of

correlates positively
life: a cohort study with cognitive, motor,
and language at 18
months; the window
between discharge
and 1 month corrected
age is a critical period
for catch-up growth
and prediction of
functional status

abnormal motor
acquisitions at 24
months correlate with
structural markers at
TEA, specifically
increased ventricular
Cerebral Ultrasound midbody size,

) 34 decreased basal
at Term-Equivalent

premature .
Age: Correlations . infants (30- ganglia Wldt}.l'
Toma, AL, ; prospective . decreased cortical
etal. [17] with Neuro-Motor 2024 cohort study Romania 34 weeks depth, and immature
Outcomes at 12-24 GA) C
Months Corrected followed to g}'/ra.tlor}; the
Age 24 months association 1s strong
enough to support the
potential
development of a
simplified clinical
scoring system for
motor deficit
prediction via HUS

lesion severity
determines the
success of
neuroplasticity; while
many infants benefit
from early

44

premature
Early Intervention

neonates intervention, severe
Guided by the (mean GA 1e519ns like Grade III
33.59 cystic PVL may lead
General Movements

Toma, AL, L. . . weeks to permanent motor

Examinationat 2024 pilotstudy Romania .
etal. [18] (+2.43  pathways destruction

Term Corrected weeks)) that cannot be
Age—Short Term
Outcomes

examined compensated for; this

atterm-  highlights that early
equivalent

age

identification and

therapy may have
variable efficacy
depending on the

specific substrate of

the injury
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structural alterations

Neurological in the posterior region
Outcomes in Late of the corpus
Necula, . late !
Preterm Infants: An literature . callosum are linked to
Al, etal. . 2025 . Romania preterm . .
Updated Review of review , motor integration
[19] infants . o
Recent Research and deficits and cognitive
Clinical Insights delays that persist

into school age

3.1. Imaging Modalities and Diagnostic Sensitivity (Table 2)

The current literature reflects a developing trend on the comparative utility of neonatal
neuroimaging. While HUS remains the primary bedside tool due to its safety and cost-effectiveness
[11,15], its sensitivity is increasingly studied. A literature review observed a shift from cystic WM
injury toward a more discrete, non-cystic patterns that HUS often fails to detect, whereas MRI
provides superior visualization of these diffuse anomalies [8]. This is further supported by a review,
who recommended MRI for its high sensitivity in identifying cerebellar hemorrhages and WM
maturation [9]. Despite these technical advantages, the predictive value for long-term functional
outcomes remains complex. Both HUS and MRI demonstrate high negative predictive values at term-
equivalent age (TEA), meaning a normal scan is highly reliable for predicting the absence of severe
motor impairment [8,13].

Table 2. Comparative Analysis of HUS and MRI in Predicting Neurodevelopmental Outcomes in Preterm

Infants.
Metric HUS MRI Source
; o 0RO
op H;ii‘;‘iiif;gﬁi? 952/“)’ PPV: 60-67%. Superior for  Inder, T.E., et al. [9],
27%) ty detecting subtle WM injury McLean, G,, et al. [13]
(o]
Hich ; -
Cognitive Low correlation; poor at '8 negatn{e. pred1ct1.ve. Guillot, M., et al. [8],
. e . . value. Low positive predictive
Outcomes identifying diffuse injury value Inder, T.E., et al. [9]
Zhang, X.H., et al.
. Optimal for Grade IlII/IV  Equivalent to HUS but offers ang, ~. v €a
Severe Lesions . . . [10], Chevallier, M., et
IVH and cystic PVL more anatomical detail al. [15]

Often missed unlessa  Superior sensitivity for non- Guillot, M., et al. [8],

Subtle Injuries  specific scoring system is cystic WM injury and Inder, T.E, et al. [9]
used cerebellar bleeds
Early scans (first 2 weeks) ) ) Zhang, X.H., et al.
Early Predictors have lower predictive Not typically us.ed in the aCl,lte [10], Helderman, J., et
phase for routine prognosis
power al. [11]

3.2. Anthropometric and Structural Predictors of Neurodevelopment

Beyond advanced imaging, physical markers such as HC provide significant prognostic value.
A prospective cohort study established that HC growth, particularly during the fast growth period
between discharge and 1 month corrected age, serves as a valuable clinical marker that correlates
positively with cognitive, motor, and language at 18 months [16]. When examining internal
structures, birth weight acts as a primary protective factor, while high-grade hemorrhages on initial
scans were the strongest predictors of impaired development and mortality [10]. Furthermore,
structural abnormalities in the posterior region of the corpus callosum have been specifically linked
to disrupted sensory-motor integration and subsequent cognitive deficits in school-aged children
[19]. While a prospective cohort study mentioned birth weight as a primary protective factor [10],
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another prospective study reported a higher incidence of abnormal neuroimaging in babies with birth
weights >2kg (44.44%) [12].

3.3. Lesion Characteristics and Motor Outcomes

The relationship between specific brain lesions and motor dysfunction, such as CP, is well-
documented but complex. A prospective cohort study found that abnormal gross and fine motor
acquisitions at 24 months are significantly linked to increased ventricular midbody size and
immature gyration folding at TEA [17]. Similarly, a review reported that 83% to 91% of infants with
cystic periventricular leukomalacia (PVL) eventually develop CP [9]. Regarding intraparenchymal
hemorrhages, laterality is a more consistent predictor of disability than specific anatomical location,
with bilateral lesions significantly increasing the risk of severe CP compared to unilateral ones [15].
However, the potential for functional reorganization through early intervention is limited in cases of
extensive cystic degeneration, such as Grade III PVL, where motor pathways are fundamentally
compromised [18].

3.4. Functional Assessments and the Role of Timing

The timing of assessment is critical for diagnostic accuracy. A prospective cohort study [10] and
a retrospective study [13] concluded that early scans often lack correlation with long-term outcomes,
whereas scans performed at TEA provide a more accurate prognostic timeline. To improve
sensitivity, formalized scoring systems that include subtle markers should be implemented. Imaging
findings are frequently triangulated with functional exams. Atypical GMs correlate with HUS
markers of WM volume loss [14].

Finally, the clinical translation of these findings depends on parental engagement. Without
adequate emotional and medical support, parents may struggle to comply with follow-up schedules
necessary for early neurological diagnosis and intervention [7].

4. Discussion

The correlation between neonatal neuroimaging and long-term neurologic outcomes in preterm
infants has evolved from a focus on major hemorrhages to the detection of subtle WM and cerebellar
injuries. While early HUS detects major hemorrhages, near-term MRI is superior at identifying
cerebellar lesions and WM abnormalities. These finding were independently associated with
neurodevelopmental impairment and gross motor delay at 18-22 months [20].

Modern neuroimaging shows that major cystic lesions have decreased in incidence, but diffuse
WM injury, which often remains undetected by early HUS, is highly prevalent in extremely preterm
infants and correlates long-term cognitive deficits [21]. In VLBW infants, HUS’s high reliability for
cystic injury detection is neutralized by its inability to identify non-cystic WM injury, the more
prevalent and common form of WM pathology in modern neonatology [22].

Recent investigations into subcortical development have utilized advanced shape and structural
correlation of MRI analyses to map the effects of preterm birth on the thalamus. Moving beyond
global volumetric assessments, these studies identified a heterogeneous vulnerability within the
thalamic subregions. Furthermore, analyses reveal an abnormal increase in structural association
between the thalamus and the insula in preterm neonates [23]. These findings suggest that
prematurity drives a complex reorganization of thalamic microstructure and connectivity.

Since both HUS and MRI serve as pillars of neonatal neurology, their roles are increasingly
defined by a stepped, stratified approach to risk assessment. Due to high prevalence of white and
gray matter deficits in very preterm neonates, a more comprehensive assessment for neuroimaging
is required. A specific MRI scoring tool would provide a more objective and systematic classification
of brain injury and maturation to previous diagnostic standards [24].

While a normal HUS is highly reassuring because of a positive predictive value of 99% for
normal neuromotor development, a “normal” scan doesn’t guarantee a normal outcome [25,26]. A
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sinocortical width >3.5 mm at TEA showed to be an independent risk factor for developmental delay,
particularly in the gross motor domain [27]. The site of injury is a critical determinant. Recent findings
address the diagnostic gap in preterm infants who lack severe structural injury yet still develop
neurodevelopmental deficits. Their findings suggest that a structurally normal MRI doesn’t
guarantee functional integrity. Favorable outcomes appear to rely on a specific compensatory hyper-
connectivity within thalamo-limbic and thalamo-basal ganglia circuits. The failure to generate this
compensatory response serves as a silent marker of pathway dysmaturation, indicating that
functional connectivity analysis is essential to detect latent risks in infants [28].

In very preterm infants, the extent of periventricular hemorrhagic infarction and its associated
severity score served as reliable predictors of adverse outcomes, specifically regarding gross motor
impairment and neonatal mortality [29]. Periventricular hemorrhagic infarction involving the trigone
or parieto-occipital region carries the highest risk for motor deficits [30]. However, laterality also
plays a key role. Bilateral lesions significantly increase the risk of severe CP comparted to unilateral
ones [15].

Historically, HUS was criticized for its inability to detect non-cystic white and gray matter
injuries that may cause cognitive deficits [31]. However, recent data suggests that the limitation may
lie in the lack of standardized scoring. When a rigorous, quantitative scoring system is applied at
TEA, HUS predictive power rivals that of MRI [32]. A study further emphasized that formalizing
these scoring systems to include subtle markers like corpus callosum thinning is essential for
prognostic accuracy [13]. Recent cohort studies have specifically linked abnormal ventricular
midbody size and immature gyration folding at TEA to impaired gross and fine motor acquisitions
at 24 months [17]. Serial scanning, is essential to capture cystic lesions before they collapse, and
follow-up must extend to school age to accurately track the preterm infant’s true neurodevelopmental
trajectory [33].

To balance diagnostic precision with healthcare costs, a screening protocol is recommended. A
suggestion would be prioritizing TEA MRI for high-risk infants, while serial HUS is considered
sufficient for lower-risk infants [34]. The timing of the scans is crucial, serial scanning being essential
to prevent false negative cystic lesions that collapse over time [35], while early scans often lack
correlation with long-term outcomes compared to scans performed at TEA [8,10]. Many cognitive
and academic impairments don’t manifest until school age. Furthermore, research must extend
beyond the standard 18 to 24 months follow-up in order to capture the true neurodevelopmental
trajectory of the preterm infant [35,36].

It's needed to take into consideration that MRI is more sensitive than HUS for detecting diffuse
WM gliosis and cerebellar injury [37]. While traditional neuroimaging in preterm neonates has
heavily focused on supratentorial structures, a review highlights that the severity of prematurity
disrupts cerebellar development via maturation failure. Crucially, these cerebellar disruptions are
linked to a spectrum of long-term deficits, including cognitive, language, and behavioral
impairments. This evidence suggests that excluding the cerebellum from neurodevelopmental
models may underestimate a key contributor of the complex neurocognitive patterns observed in
preterm survivors [38].

Beyond structural damage, recent functional MRI studies have shown that preterm infants
display altered temporal signal complexity at TEA, particularly in motor and visual networks, which
serves as a biomarker for developmental delay even when structural scans appear normal [39].
Complementing these findings, longitudinal research provides compelling evidence for the use of
serial functional MRI, demonstrating that the rate of increase in hippocampal activity during early
infancy, is a robust predictor of 18-month cognitive and motor outcomes [40].

While over 90% of infants from one study showed normal cognitive function at 1 year, a
significant portion (roughly 1/3) who were classified as “not delayed” at age 1 were later found to
have delays at age 2, likely due to increasing cognitive demands of testing. They found that
assessments at 2 years corrected age are far more rigorous predictors of preschool cognitive
development (age 5) than those at 1 year, although a combination of both assessments provides the
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highest predictive value. These findings highlight the complexity of developmental trajectories and
support the necessity of comprehensive, long-term follow-up programs that extend to preschool age
to capture evolving patterns of impairment [41].

The highest prognostic precision showed to be achieved when quantitative structural markers,
such as interhemispheric distance and deep grey matter integrity, are interpreted alongside
functional milestones assessed during the 3-to-5-month post-term window. This targeted approach
allows the identifications of infants on abnormal neurodevelopmental trajectories who require
immediate therapeutic support [42].

By school age (around 8 years), extremely preterm children exhibit significantly higher rates of
intellectual impairment, as well as poorer executive function, academic achievement, and motor
coordination compared to term-born controls. Despite medical advances, approximately 20-40% of
extremely preterm survivors face major neurodevelopmental disabilities, underscoring the critical
need for long-term monitoring and new intervention strategies that extend into school years [43].

Cognitive, behavioral, and academic impairments, such as Attention Deficit Hyperactivity
Disorder (ADHD), executive dysfunction, and social struggles, often remain latent until the child
faces complex environment of school [44].

Clinical context remains a top priority. Factors such as prolonged mechanical ventilation can
lead to hypocapnia and subsequent WM injury, necessitating that neuroimaging to be interpreted
alongside clinical history [45]. While birth weight is generally a primary protective factor, some data
shows a surprisingly high incidence of abnormal neuroimaging in neonates with birth weights >2 kg
(44.44%), suggesting that large preterm infants still require vigilant screening [10]. Moreover, in term
neonates, evidence suggests that cerebral size is similar across different ethnic groups, supporting
universal reference ranges [46].

Recent systematic reviews indicate that integrating multimodal data, combining MRI with
clinical history via machine learning algorithms, significantly outperforms unimodal models in
predicting neurodevelopmental impairment [47].

Emerging evidence suggests that the neurodevelopmental trajectory of the preterm brain is not
solely determined by biological injury but is also shaped by extaruterine environment. A recent study
demonstrated that the duration of skin-to-skin holding in the Neonatal Intensive Care Unit (NICU)
was significantly associated with the microstructural organization of fronto-limbic white matter
tracts, specifically the cingulum and anterior thalamic radiations, in infants born under 32 weeks
gestation. Future prognostic models must take into consideration environmental exposure
(intervention frequency and duration) to accurately map the development curve [48].

A broader review caution that while Artificial Intelligence (AI) offers transformative potential
for integrating complex NICU data, including imaging and clinical metrics to predict outcomes, the
current evidence base is inconsistent because of a lack of external validation and integrated
implementation strategies, limiting direct bedside application [49].

Neonatal brain development is shaped by the balance of injury, quality of clinical care, and early
detection. To eliminate diagnostic gaps, it’s essential to combine the routine utility of HUS with the
precision of MRI to fully capture deep grey matter and white matter maturation. Integrating both
imaging modalities with standardized neurodevelopmental assessments provides a more reliable
pathway to connect neonatal findings with school-age outcomes.

5. Conclusions

In conclusion, neonatal neuroimaging has transitioned from identifying gross hemorrhages to
detecting subtle WM and cerebellar injuries. While MRI remains the gold standard, a stratified
approach for HUS is increasingly viable. By implementing standardized, quantitative scoring at TEA,
the prognostic accuracy of HUS can rival that of MRI. Predictive precision depends heavily on the
site and laterality of injury, as well as the consideration of clinical variables such as birth weight and
HC.
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Future protocols prioritize TEA specific imaging and extended follow-up beyond 24 months to
accurately capture the long-term neurodevelopmental evolution of the preterm infant.

We recommend a tiered imaging protocol: routine HUS for all preterm neonates, with MRI at
TEA reserved for high-risk infants. Standardized functional tests, such as GMs, should be used
routinely. Additionally, follow-up must extend beyond 24 months to identify long-term
neurodevelopmental outcomes.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Distribution of Studies by Year of Publication; Figure S2: Proportion
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Abbreviations

The following abbreviations are used in this manuscript:

ADHD Attention Deficit Hyperactivity Disorder
NICU Neonatal Intensive Care Unit
VLBW very low birth weight

HUS head ultrasound

IVH intraventricular hemorrhage
MRI Magnetic Resonance Imaging
PVL periventricular leukomalacia
TEA term-equivalent age

Al Artificial Intelligence

CP Cerebral Palsy

GMs General Movements

HC head circumference

WM white matter
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