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Abstract

Purpose Neonatal brain development constitutes a critical period of structural and functional maturation
underpinning sensory, motor, and cognitive capacities. The glymphatic system—a cerebral waste clearance
network—remains poorly understood in neonates. We investigated non-invasive magnetic resonance imaging (MRI)
biomarkers of glymphatic system and their developmental correlates in neonates.

Methods In 117 neonates undergoing high-resolution T1-weighted and diffusion MRI, we quantified two
glymphatic metrics: (1) diffusion tensor imaging along the perivascular space (DTI-ALPS) index, reflecting perivascular
fluid dynamics; (2) choroid plexus (CP) volume, a cerebrospinal fluid (CSF) production marker. Associations with
postmenstrual age (PMA) at MRI scan, gestational age (GA), birth weight (BW), and sex were analyzed using covariate-
adjusted models.

Results Preterm neonates displayed significantly reduced DTI-ALPS indices versus term neonates (total index: 1.01
vs. 1.05, P=0.002), with reductions persisting after adjustment (P < 0.05). CP volumes showed right-dominant pre-
adjustment differences (preterm: 0.33 vs. term: 0.39, P=0.039) that attenuated post-adjustment (P=0.348). DTI-ALPS
indices demonstrated transient correlations with PMA/GA/BW in unadjusted analyses (P < 0.05), whereas CP volumes
maintained robust PMA associations post-adjustment in all neonates (P=0.037) and term subgroup (P=0.013). No
significant effects of sex on both metrics were observed.
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Conclusion Our findings reveal prematurity-associated delays in glymphatic maturation, rather than biological sex.
The persistent PMA-CP volume relationship suggests developmental regulation of CSF production, while attenuated
DTI-ALPS correlations highlight covariate-mediated effects. These glymphatic metrics show potential for monitoring
neurodevelopmental trajectories, though longitudinal validation is required to establish their clinical utility in neonatal

care.
Clinical trial number Not applicable.
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Introduction

Neonatal brain development represents a critical period
characterized by profound structural and functional
maturation. During this phase, the brain undergoes near-
completion of neuronal migration, rapid synaptogenesis,
and accelerated axonal myelination at the microscopic
level [1-3]. Macroscopically, cortical expansion through
increased surface area and significant thickening estab-
lishes the foundation for sensory, motor, and cognitive
functions [4-7]. These processes exhibit heightened vul-
nerability in preterm neonates, whose incomplete brain
maturation at birth elevates risks for neurodevelopmental
impairments [8—11]. Understanding brain developmen-
tal trajectories during this period, especially in preterm
populations, is vital for deciphering key mechanisms and
guiding early interventions.

The glymphatic system, a recently discovered brain
clearance pathway, plays a crucial role in maintaining
cerebral homeostasis by facilitating metabolic waste
removal, preventing neurotoxic accumulation, and
mitigating neuroinflammation [12, 13]. Central to this
system is cerebrospinal fluid (CSF), predominantly pro-
duced by the choroid plexus (CP), which enters brain tis-
sue via astrocytic aquaporin-4 (AQP4) water channels.
Through dynamic exchange with interstitial fluid (ISF),
CSF enables waste clearance along perivascular spaces
(PVS), thereby supporting neural health [14, 15]. While
glymphatic dysfunction has been extensively studied in
neurodegenerative and neurodevelopmental disorders,
its developmental trajectory and functionality during the
neonatal period remain poorly understood [16—19].

Emerging evidence suggests that the glymphatic sys-
tem undergoes critical maturation in early life. Kim et al.
observed an inverse relationship between basal ganglia
PVS fraction (a glymphatic biomarker) and postmen-
strual age (PMA) at MRI scan (hereafter referred to as
PMA), with preterm birth altering PVS volume [20]. Sim-
ilarly, Lin et al. reported a positive correlation between
the diffusion tensor imaging along the perivascular space
(DTI-ALPS) index (another glymphatic biomarker) and
PMA, alongside reduced ALPS indices in preterm neo-
nates [21]. Complementary work by El-Khoury et al
demonstrated gestational age (GA)-dependent increases
in perivascular astrocytic endfoot coverage, a structural

prerequisite for glymphatic function [22]. Collectively,
these findings highlight progressive glymphatic devel-
opment during the perinatal period and its vulnerability
in preterm birth. However, the mechanisms underlying
disrupted maturation—such as astrocyte immaturity or
altered CSF dynamics—require further investigation.

Historically, glymphatic function has been evaluated
through invasive intrathecal gadolinium injections to
visualize CSF-ISF exchange [23]. However, this approach
is impractical for neonates due to procedural risks [24,
25]. Recent advances in non-invasive MRI biomarkers,
including the DTI-ALPS index (quantifying water diffu-
sivity along PVS) and CP volume (reflecting CSF produc-
tion and clearance capacity), provide a comprehensive
framework for studying neonatal glymphatic develop-
ment [26-29].

Critical knowledge gaps persist in this field. First, sys-
tematic investigations into preterm birth’s impact on
glymphatic development are still lacking. Second, the
interplay between glymphatic function, PMA, GA, birth
weight (BW), and sex differences remains underexplored.
This study investigates neonatal glymphatic develop-
ment by integrating DTI-ALPS indices and CP volume,
addressing three objectives: (1) comparing glymphatic
metrics between preterm and term neonates; (2) examin-
ing relationships with PMA, GA, and BW; (3) exploring
potential sex-specific patterns. We hypothesize that pre-
term birth, but not biological sex, significantly impacts
glymphatic maturation. Clarifying these dynamics may
advance neonatal brain health assessment and inform
early interventions for high-risk populations.

Methods

Participants

This study was approved by the Ethics Committee of
Children’s Hospital in accordance with the Declaration of
Helsinki (2013). Written informed consent was obtained
from all parents or guardians. Between January 2023 and
April 2024, 268 neonates (GA range: 23—42 weeks) were
recruited. Exclusion criteria included: (1) PMA outside
35-45 weeks; (2) congenital malformations, chromo-
somal abnormalities, infections, or genetic metabolic
disorders; (3) severe birth asphyxia or respiratory fail-
ure; and (4) cranial abnormalities including brain injury,
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intracranial hemorrhage, or seizures. Clinically diag-
nosed infections (e.g., meningitis) were excluded through
rigorous screening to enhance sample homogeneity and
internal validity. The final cohort included 117 neonates.
Notably, systemic inflammatory biomarkers (e.g., CRP,
IL-6) and maternal infection histories were not routinely
collected, potentially limiting adjustment for inflamma-
tory confounders. Study population 1 (DTI-ALPS analy-
sis, n=100) excluded cases with missing/poor-quality
diffusion MRI (dMRI) data and one twin from each pair,
while Study population 2 (CP volume analysis, n=90)
followed analogous exclusion criteria for structural MRI
(SMRI) data (Fig. 1).

MRI acquisition

All scans were conducted on a 3-Tesla MRI system
(uMR890, United Imaging, Shanghai, China) with a
64-channel head coil. Foam cushions and noise-cancel-
ing headphones minimized motion artifacts and noise
interference. High-resolution 3D T1-weighted sMRI
data (0.8 mm isotropic resolution) were obtained sagit-
tally using parameters optimized for neonatal imaging:
repetition time (TR)=6.7 ms, echo time (TE)=2.3 ms,
flip angle=8°, acceleration via Al-assisted compressed
sensing (ACS, United Imaging), matrix=320x 300,
FOV =256 x 240 mm. This protocol balanced scan dura-
tion (<4 min) and spatial resolution to mitigate partial
volume effects (PVEs)—critical for small neonatal brain
structures. Preterm neonates were scanned at near-
term equivalent age (>36 weeks) to minimize brain
size differences on segmentation accuracy. The dMRI
data employed 72 directions with three b-values (500,
1,000, 3,000 s/mm?) and dual phase-encoding direc-
tions, using axial acquisition: TR=3,016 ms, TE=77.1
ms, flip angle=90°, multi-band acceleration factor=4,

Page 3 of 10

matrix=140x 140, FOV=210x210 mm, slice thick-

ness=1.5 mm [30].

Image preprocessing

sMRI data preprocessing involved: (1) quality control for
motion artifacts or missing slices; (2) automated brain
segmentation (United Imaging Intelligence uAl Discover
Brain System); (3) cortical reconstruction via Infant Free-
Surfer (v7.1.1; https://surfer.nmr.mgh.harvard.edu/fswik
i/infantFS) [31]; and (4) neuroradiologist verification of
segmentation and reconstruction accuracy.

For dMRI data, preprocessing utilized MRtrix3 (v3.0.4;
https://www.mrtrix.org/) and DSI Studio (v2022; http
s://dsi-studio.labsolver.org/), including: (1) data qualit
y assessment; (2) denoising via random matrix theory;
(3) Gibbs ringing artifacts removal; (4) motion/distor-
tion correction; (5) bias field correction; (6) background
masking in DSI Studio; (7) DTI reconstruction; and (8)
fiber tracking [32, 33].

DTI-ALPS index calculation

Following established methods, bilateral 3-mm regions of
interest (ROIs) were placed at the lateral ventricle body
level on projection and association fibers [34, 35]. Fiber
orientation and diffusivities along x- (right-left; Dxx), y-
(antero-posterior; Dyy), and z-axes (infero-superior; Dzz)
within ROIs were obtained. The DTI-ALPS index was
computed as: DTI-ALPS index =mean (Dxxproj, Dxxas-
soc)/ mean (Dyyproj, Dzzassoc) [36]. Separate indices
were calculated for each hemisphere, and the total DTI-
ALPS index was determined by averaging these values.

CP volume estimation
CP volumes were automatically segmented and recon-
structed from 3D T1-weighted images using the United
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Table 1 Comparison of DTI-ALPS index between term and
preterm neonates

Variables Term neonates Preterm neonates P-value
(n=42) (n=58)

Total DTI-ALPS index  1.05(1.01,1.11) 1.01(0.96,1.08) 0.002

Left DTI-ALPS index 1.04(0.99,1.11) 1.01(0.95,1.08) 0.022

Right DTI-ALPS index  1.04(1.00,1.11) 1.01(0.96,1.09) 0.023

Abbreviations: DTI-ALPS, diffusion tensor imaging along the perivascular space

Imaging Intelligence uAl Discover Brain System and
Infant FreeSurfer, referenced to the Desikan-Killiany
Atlas. Volumes were expressed as a ratio to the estimated
total intracranial volume (¢TIV) and multiplied by 1,000,
in accordance with previous recommendations [37]. The
total volume was represented as the average of the left
and right hemisphere volumes.

Statistical analysis

Continuous variables were reported as mean + standard
deviation (normal distribution) or median (interquartile
range) (non-normal), and categorical variables as fre-
quencies. Group comparisons utilized Mann-Whitney
U tests (non-parametric), independent samples t-tests
(parametric), or chi-square tests (categorical). General-
ized linear models (GLMs) evaluated preterm-term dif-
ferences in DTI-ALPS index and CP volume, adjusting
for PMA and sex, as PMA reflects neurodevelopmental
maturity at the time of imaging and sex differences in
brain anatomy are widely reported [38, 39]. Sex effects
were assessed by adjusting for PMA to account for total
developmental stage confounds. Spearman’s correlations
examined unadjusted associations, while partial correla-
tions controlled for covariates selected based on known

*k
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biological plausibility, potential confounding pathways,
and previous literature [21, 40]. Specifically, PMA analy-
ses adjusted for GA and sex to isolate PMA effects from
prenatal maturity and sex-related variability, GA analyses
adjusted for PMA and sex to evaluate prenatal maturity
independent, and BW analyses adjusted for PMA and sex
to disentangle BW effects from developmental stage and
sex differences. All analyses used R software (v4.2.3), with
two-tailed P<0.05 considered significant.

Results

Demographic characteristics

Demographic features of the study populations are
detailed in Supplementary Tables S1-S2. While sex dis-
tributions were comparable between term and pre-
term groups (all P>0.10), preterm neonates underwent
MRI scans at earlier PMA, consistent with their clinical
timelines.

Between-group comparisons of DTI-ALPS index and CP
volume

Preterm neonates demonstrated significantly lower DTI-
ALPS indices compared to term neonates across all mea-
surements (Total index: 1.01 vs. 1.05, P=0.002; Left: 1.01
vs. 1.04, P=0.022; Right: 1.01 vs. 1.04, P=0.023) (Table 1;
Fig. 2a, Supplementary Fig. S1). The total index differ-
ence remained significant after adjusting for covariates
(P<0.05). No sex-specific effects were observed on indi-
ces (Fig. 2b).

While preterm neonates initially exhibited smaller
right CP volumes than term neonates (0.33 vs. 0.39,
P=0.039) (Table 2; Fig. 3a), this difference lost statisti-
cal significance after covariates adjustment (P=0.348).
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Fig. 2 Comparative analysis of the diffusion tensor imaging along the perivascular space (DTI-ALPS) index by gestational age and sex (a) Preterm neo-
nates exhibited lower DTI-ALPS indices compared to term neonates, even after adjusting for postmenstrual age (PMA) at MRI scan and sex. (b) No sig-
nificant sex-based differences in the DTI-ALPS indices among neonates. The double asterisks (**) indicated a statistically significant difference (P<0.01)

between the two groups
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Table 2 Comparison of choroid plexus volume between term and preterm neonates

Variables Term neonates Preterm neonates P-value
(n=35) (n=55)
Total CP volume 0.37(0.29,0.48) 0.30(0.23,043) 0.061
Left CP volume 0.35(0.24,0.52) 0.29(0.19,0.46) 0.153
Right CP volume 0.39£0.15 0.33%0.12 0.039
Abbreviations: CP, choroid plexus
a b
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Fig. 3 Comparative analysis of choroid plexus (CP) volume by gestational age and sex (a) Preterm neonates tended to have lower CP volumes compared
to term neonates; however, these differences did not reach statistical significance. (b) No significant differences in CP volumes based on sex among

neonates

The marginal pre-adjustment difference suggests poten-
tial developmental variations that may be confounded
by maturation-related factors. Sex did not significantly
impact neonatal CP volume (Fig. 3b).

Associations of DTI-ALPS index with PMA, GA and BW
DTI-ALPS indices showed positive correlations with
PMA across all neonates (P=0.008), but not within term/
preterm subgroups (Fig. 4). These relationships dimin-
ished after adjusting for GA and sex (Supplementary
Tables S3). While initial correlations with GA (P =0.009)
and BW (P=0.022) were observed among all neonates,
these did not persist following adjustment (Supplemen-
tary Fig. S2).

Associations of CP volume with PMA, GA and BW

CP volumes exhibited stronger positive correlations with
PMA in all neonates and term subgroup, maintaining sig-
nificant even after adjustment (All neonates: P=0.037;
Term subgroup: P=0.013; see Fig. 5 and Supplementary
Tables S4). No significant correlations emerged with GA
or BW in all neonates (Supplementary Fig. S3).

Discussion

Our multiparametric MRI study reveals three key find-
ings regarding neonatal glymphatic development: (1)
Preterm neonates demonstrated bilaterally reduced

DTI-ALPS indices and right-dominant CP volume reduc-
tions compared to term neonates; (2) Neither glymphatic
metric exhibited sex-based differences; (3) While PMA,
GA, and BW showed transient correlations with DTI-
ALPS indices in all neonates, CP volumes maintained
robust PMA associations even after adjustment in all
neonates and term subgroup.

Before elaborating on biological implications, criti-
cal methodological constraints must be foregrounded.
The cross-sectional design precludes causal inferences
between developmental parameters (PMA/GA/BW) and
glymphatic metrics. Specifically, concurrent assessment
of exposures and outcomes introduces temporal ambigu-
ity—we cannot determine whether observed brain differ-
ences drive developmental outcomes or vice versa. This
fundamental limitation necessitates interpreting all cor-
relations as hypothesis-generating associations requiring
longitudinal confirmation.

The findings suggest that prematurity may delay the
maturation of the brain’s glymphatic system, supporting
hypotheses by Lin et al. that prematurity could impair
astrocyte functionality during embryonic development,
thus hindering glymphatic maturation [21, 41, 42]. Nota-
bly, Lin et al. further identified birth asphyxia—rather
than germinal matrix hemorrhage-intraventricular hem-
orrhage (GMH-IVH)—as a critical modulator of preterm
glymphatic dysfunction [43]. Furthermore, our observed
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Fig. 4 Correlation between postmenstrual age (PMA) at MRI scan and the diffusion tensor imaging along the perivascular space (DTI-ALPS) index This
figure illustrated the correlation between PMA at MRI scan and the DTI-ALPS index in all neonates, showing a significant relationship initially. However,
this correlation was not observed when data were analyzed separately for term and preterm neonates. Furthermore, after adjustments were made for
gestational age and sex, the correlation between PMA and DTI-ALPS index disappeared in all neonates

All neonates
Correlation: p = 0.300, P = 0.004
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CP Volume
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Fig. 5 Correlation between postmenstrual age (PMA) at MRI scan and choroid plexus (CP) volume This figure showed that PMA at MRI scan was signifi-
cantly correlated with CP volume in both all neonates and specifically in term neonates. However, this correlation was not observed in preterm neonates.
Notably, after adjustments were made for gestational age and sex, these relationships persisted

hemisphere-specific disparities in DTI-ALPS indices
extends prior work, highlighting potential lateralization
in glymphatic maturation that merits targeted investi-
gation [44]. Research by Kim et al. on glymphatic func-
tion, assessed through PVS analysis, also suggests that

prematurity might impact these spaces within the basal
ganglia due to elevated AQP4 levels in preterm neonates
[20, 45]. Although CP volume serves as a CSF produc-
tion proxy in studies of conditions like Alzheimer’s dis-
ease and fibromyalgia, its use in neonatal populations
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remains underexplored [27, 46]. Our exploratory analy-
sis tentatively suggests that preterm birth may associate
with altered CP volumetric trajectories, as evidenced by
pre-adjustment right-dominant reductions. However, the
attenuation of this effect after covariate control highlights
the complex interplay between prematurity, maturation-
related factors, and CP development. The increase of
CP volume in adults often indicates pathological states,
while in neonates, it appears to reflect their developmen-
tal immaturity [47, 48]. This can be a reason for future
mechanistic studies that combine CSF dynamics with
neuroimaging biomarkers.

The absence of sex effects on glymphatic metrics con-
trasts with reported sex differences in neonatal brain
injury, related inflammation, and cortical morphometric
similarity [49, 50]. This discrepancy may be attributed to
comparable numbers of astrocytes and sex hormone lev-
els during this developmental stage [51, 52]. Neverthe-
less, our cross-sectional design cannot exclude potential
sex-dependent effects manifesting at later developmental
stages.

Moreover, the PMA-DTI-ALPS association of all neo-
nates in unadjusted analyses corroborates prior work,
yet its attenuation after GA/sex adjustment suggests
covariate-mediated effects rather than direct biological
relationships [21]. Similarly, the null GA/BW-DTI-ALPS
associations post-adjustment highlight the challenge
of disentangling intertwined developmental factors in
observational studies.

The sustained PMA-CP volume correlations were
observed in both all neonates and term neonates, poten-
tially indicative of enhanced CSF production and advanc-
ing physiological maturation. This is consistent with
literature that reports an increase in CP thickness and
volume during the early stages of life [53, 54]. Notably,
the non-significant PMA-CP volume relationship of pre-
term infants warrants cautious interpretation. While we
propose three speculative explanations for this obser-
vation—(1) non-linear CP growth trajectories; (2) pre-
maturity-induced disruption of CP maturation [55]; (3)
limited statistical power from sample heterogeneity—
these hypotheses remain provisional and require rigorous
validation in longitudinal cohorts.

In summary, the glymphatic metrics hold significant
clinical value as potential biomarkers for early detection
and precision interventions in neurodevelopmental dis-
orders. In neonatal intensive care units (NICUs) settings,
longitudinal tracking of these metrics in high-risk pre-
term neonates could enable risk stratification, identify-
ing individuals at increased neurodevelopmental risk and
facilitating early screening [56]. To translate this potential
into clinical practice, practical challenges in MRI integra-
tion must be addressed. These include motion artifact
minimization, scan duration reduction, and compatibility
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with life-support equipment [57]. Emerging technolo-
gies such as accelerated MRI sequences, motion-toler-
ant protocols, and compact neonatal-specific MRI coils
could enhance feasibility [58, 59]. Additionally, combin-
ing brief, targeted MRI assessments with routine clini-
cal care windows and leveraging automated Al-driven
analysis pipelines may streamline workflow integration
[60]. Furthermore, these glymphatic metrics may serve
as a robust supplement to electrophysiological measure-
ments (e.g., aEEG), aiding in the detection of subclinical
cases with mild perinatal injuries that remain undetected
by conventional neuroimaging examinations [61, 62]. For
neonates exhibiting persistently low DTI-ALPS indices or
aberrant CP growth patterns, early targeted interventions
such as nutritional optimization and neurodevelopmen-
tal therapies may help promote neural circuit maturation
[63]. Concurrently, integrating these metrics with estab-
lished neurobehavioral assessment tools (e.g., Hammer-
smith Infant Neurological Examination) could optimize
predictive models for cognitive and motor developmental
delays, enhance early identification of high-risk children,
and ultimately strengthen the evidence base for personal-
ized intervention strategies [64].

We acknowledge several limitations in our study.
Firstly, the cross-sectional nature of our study restricts
causal inference between developmental parameters and
glymphatic metrics, as it only captures a single time point
and cannot track developmental trajectories. Longitudi-
nal studies with larger sample size and serial MRI acqui-
sitions are essential to establish temporal sequences of
glymphatic maturation [65]. Second, while we excluded
neonates with overt pathological conditions, some poten-
tial confounders remain. In particular, subclinical mater-
nal or neonatal inflammation—a known contributor to
preterm birth—may affect glymphatic function by alter-
ing perivascular fluid dynamics and CP function, poten-
tially confounding the observed associations between
prematurity and DTI-ALPS index/CP volume [66]. How-
ever, our dataset lacked biomarkers of inflammation
(e.g., maternal CRP levels, neonatal cytokine profiles)
and detailed maternal infection histories, precluding
direct adjustment for this confounder. Future longitu-
dinal studies incorporating inflammatory markers are
needed to disentangle the interplay between prematurity,
inflammation, and glymphatic function. Third, while our
high-resolution protocol and Al segmentation substan-
tially reduce PVEs, residual uncertainties persist particu-
larly for small structures like the CP. Preterm neonates’
smaller absolute brain dimensions combined with intrin-
sically irregular CSF-brain interfaces may introduce sys-
tematic measurement biases. Future ultra-high-field 7T
studies or advanced PVEs correction algorithms could
further resolve these challenges. Fourth, caution is war-
ranted regarding the relationship between the DTI-ALPS
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index and glymphatic clearance function, as the direct
linkage of this index to human glymphatic function has
not been rigorously validated through pathophysiologi-
cal research [67]. Although our study attempted to assess
glymphatic functionality by incorporating CP volume,
future research should employ additional corroborative
metrics to enhance the credibility and interpretability of
the findings [68].

In conclusion, this study establishes prematu-
rity—rather than sex—as a key modulator of neonatal
glymphatic maturation. By employing non-invasive mul-
tiparametric MRI, we present the translational potential
of DTI-ALPS indies and CP volume for understanding
preterm brain development. Future longitudinal investi-
gations should elucidate how these biomarkers interact
with neurodevelopmental outcomes, advancing person-
alized intervention strategies for at-risk neonates.

Abbreviations

AQP4 Astrocytic aquaporin-4

BW Birth weight

@3 Choroid plexus

CSF Cerebrospinal fluid

DTI-ALPS  Diffusion tensor imaging along the perivascular space
GA Gestational age

ISF Interstitial fluid

MRI Magnetic resonance imaging
PVS Perivascular spaces

PMA Postmenstrual age

PVEs Partial volume effects

ROIs Regions of interest

TE Echo time

TR Repetition time
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