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Summary
Background Investigating dynamic changes during normal brain development is essential for understanding neu-
rodevelopmental disorders (NDDs) and assessing the impact of novel therapies for these conditions. Rodent models,
with their shorter developmental timeline, offer a valuable alternative to humans. This study aimed to characterise
brain maturation in mice using a longitudinal, multimodal imaging approach.

Methods We conducted an in vivo imaging study on 31129/Sv mice with a complete longitudinal dataset available for
22 mice. Resting-state functional MRI (rs-fMRI), diffusion tensor imaging (DTI), and [18F]SynVesT-1 PET were used
to examine the development of brain functional connectivity (FC), white matter integrity, and synaptic density at three
developmental stages: infancy (P14-21), juvenile (P32-42), and adulthood (P87-106).

Findings From infancy to juvenile age, we observed a significant decrease in FC and synaptic density, alongside
increases in fractional anisotropy (FA) and decreases in mean, axial, and radial diffusivity (RD). From juvenile to adult
age, synaptic density and FC stabilised, while FA further increased, and RD continued to decrease. The default mode
like network was identifiable in mice across all developmental stages.

Interpretation Our findings mirror established patterns of human brain development, with infant mice allowing us to
capture critical brain developmental changes, underscoring the translational relevance of our findings. This study
provides a robust framework for normal rodent neurodevelopment and establishes a foundation for future research
on NDDs in mice and the impact of novel treatments on neurodevelopment.
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Introduction
Neurodevelopment is a dynamic process involving neuro-
genesis, synaptogenesis, myelination, and synaptic prun-
ing, which collectively shape neurological pathways and
influence brain function.1 In humans, this process begins
around gestational day 26 and continues into adulthood,
with a critical period of rapid myelination and
*Corresponding author. VIB-UAntwerp Center for Molecular Neurology, Un
E-mail address: Sarah.Weckhuysen@uantwerpen.vib.be (S. Weckhuysen)

www.thelancet.com Vol 115 May, 2025
synaptogenesis extending from approximately 34 weeks of
gestation to 2 years of age.1,2 During this vulnerable period,
the brain is particularly susceptible to genetic and/or
environmental influences that can disrupt normal devel-
opment leading to neurodevelopmental disorders (NDDs).2

NDDs affect up to 15–20% of children worldwide
and cause significant lifelong challenges in cognition,
iversiteitsplein 1, Antwerp, 2610, Belgium.
.
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Research in context

Evidence before this study
Capturing the dynamic changes of brain maturation is crucial
for studying underlying neural mechanisms and improving
therapies in neurodevelopmental disorders (NDDs). Rodents
have been shown to have comparable brain developmental
stages with humans, and, due to phenotypic variability and
lengthy developmental timelines in humans, they offer a
promising alternative for research. While individual imaging
techniques such as resting-state functional MRI (rs-fMRI),
diffusion tensor imaging (DTI), and positron emission
tomography (PET) have been used to study various aspects of
brain development, no studies had combined these
approaches to provide a holistic view of neurodevelopment.
Additionally, most previous studies focused on specific
developmental stages or used cross-sectional designs, and
only a few included rodents at infant age, the critical period of
neurodevelopment, limiting our understanding of the
continuous trajectory of brain maturation.

Added value of this study
This study provides a longitudinal examination of brain
development in mice using a multimodal imaging approach
that integrates rs-fMRI, DTI, and [18F]SynVesT-1 PET. By
capturing critical developmental changes from infancy to

adulthood, we have identified that the most significant
alterations in functional connectivity, white matter integrity,
and synaptic density occur from infant to juvenile age, after
which neurodevelopmental changes are more subtle. In
particular, this study reveals high functional connectivity and
synaptic density in infancy, which subsequently decline as
fractional anisotropy increases. Importantly, these findings are
consistent with patterns observed in human brain
development.

Implications of all the available evidence
The multimodal and longitudinal design of this study, starting
from infancy, allowed for a comprehensive characterisation of
the complex brain maturational process. This robust
framework can be used as a reference for future research into
abnormal brain development in various rodent models of
NDDs and the evaluation of the impact of novel treatments
on neurodevelopment, ultimately contributing to improved
therapeutic strategies for NDDs. The parallel between our
findings and known patterns of human brain development
highlights the potential of mouse models for studying
neurodevelopmental processes and disorders, offering a
promising tool for translational research in the field of
neurodevelopment.
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behaviour, and social functioning, highlighting the
critical need for a deeper understanding of the under-
lying brain abnormalities and improved therapies.3–5

However, studying abnormal neurodevelopment and
evaluating potential interventions on neurodevelopment
in humans is challenging due to phenotypic variability
and lengthy developmental timelines.

Rodent models offer a promising alternative, as their
neurodevelopment occurs on a considerably com-
pressed timeline, beginning around gestational day 10
and reaching adulthood by approximately postnatal day
90 (P90).1,2 This rapid progression, along with evidence
of comparable brain developmental stages across spe-
cies, positions rodents as invaluable preclinical models
for studying NDDs and the effects of novel therapies.1,2

To facilitate the in-vivo and non-invasive study of neu-
rodevelopment, advanced imaging tools could play a
critical role.

Diffusion tensor imaging (DTI) is a microstructural
imaging technique that provides insights into the brain
microstructure by analysing the quantitative diffusion of
water molecules. Cross-sectional case-control DTI
studies in humans and rodents have identified devel-
opmental changes and alterations in microstructural
integrity associated with NDDs, which underlie
impaired brain function and cognitive deficits.6–10

Additionally, functional and molecular imaging tech-
niques, such as resting-state functional MRI (rs-fMRI)
and positron emission tomography (PET), have
emerged as powerful tools for the non-invasive, longi-
tudinal study of (ab)normal neurodevelopment in small
animals and humans.11 Rs-fMRI captures spontaneous
low-frequency fluctuations of blood oxygenation level
dependent (BOLD) signals, allowing the assessment of
functional connectivity (FC) between brain regions.12,13

Changes in FC can provide unique insights into neu-
rodevelopment and underlying (patho)physiology in
both humans and rodent models of NDDs.14–23 PET
imaging of the synaptic vesicle glycoprotein 2A (SV2A),
using dedicated radioligand such as [18F]SynVesT-124

provides a proxy for synaptic density.25 Synaptic den-
sity and plasticity are critical determinants of neural
circuit function and, by extension, cognitive processes.
For instance, one PET study demonstrated an increase
in brain synaptic density in rhesus monkey foetuses
during the third trimester of pregnancy.26 Furthermore,
emerging research in various neurodegenerative disor-
ders suggests that measuring synaptic density using
PET may serve as a promising biomarker of cognitive
function.27,28

Despite the potential of these advanced imaging mo-
dalities, no studies to date have employed a comprehen-
sive longitudinal approach starting during the first
postnatal weeks to characterise the trajectory of normal
brain development in small-animal models.11 In this
study, we aim to fill this gap by investigating the trajec-
tory of normal neurodevelopment in wild-type mice at
three key developmental stages: infancy (P14-20),
www.thelancet.com Vol 115 May, 2025
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adolescence (P32-42), and adulthood (P87-106). By inte-
grating the complementary imaging modalities of rs-
fMRI, [18F]SynVesT-1 PET, and DTI, we seek to gain
deeper insights into the functional, molecular, and
microstructural changes occurring from infancy to
adulthood. This comprehensive approach will provide a
valuable reference for understanding the normal neuro-
developmental trajectory in mice and serve as a founda-
tion for future studies investigating abnormal brain
development and the effects of novel therapies on neu-
rodevelopment in various rodent models of NDDs.
Methods
Animals
Adult 129Sv mice were purchased from Janvier labs and
were used for breeding. This strain was selected because
our lab has a genetic mouse model based on it, enabling
future comparisons, and because existing DTI data for
this strain are currently unavailable. The resulting pups,
born in our facility, were used for the study. Experi-
ments were performed on a total of 16 male and 15
female 129Sv mice between P14 and P106. Mice were
initially housed with their dam and were weaned at P21.
Subsequently, animals were group-housed in cages with
a maximum of 8 mice per cage in a temperature and
humidity-controlled environment with a 12 h/12 h light/
dark cycle and access to food and water ad libitum.

Experimental design
A total of 31 mice underwent two imaging sessions at
three different developmental stages (P14-P21 (infant
age), P32-42 (juvenile age), and P87-106 (adult age)),
with a minimum interval of 48 h between each session
(Fig. 1a). Due to poor data quality caused by excessive
movement during rs-fMRI (3 at P14-15 and 1 at P36),
sudden death after rs-fMRI (1 at P14 and 1 at P35), is-
sues with the injection of the PET tracer (1 at P18), and
unsuccessful tail vein catheterisation (2 at P18), scans
from 9 animals (7 at infant age and 2 at juvenile age)
were excluded. This resulted in a final longitudinal
cohort of 22 mice, with an equal sex distribution of 11
males and females.

Acquisition and data processing
Rs-fMRI and DTI procedure
Animals were initially anaesthetised with isoflurane
(Forene, Belgium) in a gas mixture of 70% N2 and 30%
O2 (induction 5%, positioning in scanner bed 2.5%).
Mice were positioned in the scanner in the prone po-
sition with the head secured in a face mask using ear
and a tooth bars. An anaesthesia protocol optimised by
Grandjean et al. (2014)29 to preserve cortical and
subcortical FC and similar to that in our previous rs-
fMRI work30–32 was used. Following a bolus injection
of 0.05 mg/kg of medetomidine hydrochloride (s.c.,
Domitor, Pfizer, Germany, catalogue # 1070499) to
www.thelancet.com Vol 115 May, 2025
sedate the animals, the isoflurane was reduced to 1%
(Fig. 1b). Ten minutes after the bolus injection, a
continuous infusion of medetomidine (s.c., 0.1 mg/kg/
h) was started, and the isoflurane was gradually reduced
to 0.5% over the following 25 min. Thirty minutes after
the start of the medetomidine infusion, the 10-min rs-
fMRI acquisition was started. After scanning, animals
received an injection of 0.25 mg/kg of atipamezole (s.c.,
Antisedan, Pfizer, Germany, catalogue # 1300185) to
reverse the effects of medetomidine. Throughout the
imaging procedure, body temperature was measured
and maintained at (37.0 ± 0.5) ◦C using a rectal therm-
istor with a feedback-controlled warm air circuit
(MR-compatible Small Animal Heating System, SA
Instruments, Inc., USA). Respiratory rate was monitored
throughout the experiment using a pressure-sensitive
sensor (MR-compatible Small Animal Monitoring and
Gating System, SA Instruments, Inc., USA).

MRI data were acquired using a 7T Pharmascan MR
system (Bruker, Germany) and ParaVision 6.0.1 soft-
ware (Bruker, Germany). Images were acquired using a
standard Bruker cross-coil setup with a quadrature vol-
ume radiofrequency (RF) transmit coil and a quadrature
surface RF receive coil for the mouse brain.33 The
duration of each scanning session ranged from 50 min
to 1 h and consisted of four parts. First, three orthogonal
T2-weighted Turbo Rapid Acquisition with Relaxation
Enhancement (RARE) images were acquired to uni-
formly position the slices (Repetition Time (TR)
2500 ms, effective Echo Time (TE) 33 ms, 9 slices,
0.5 mm thickness). Second, field maps were acquired
for each scan session to assess field homogeneity, fol-
lowed by local shimming to correct for inhomogeneity
within the brain. Third, coronal diffusion-weighted
(DW) MRI images were acquired using a two-shot
spin-echo echo planar imaging (SE-EPI) sequence. The
sequence included 30 DW images with 30 optimally
distributed diffusion gradient directions, along with 3
non-DW images. The imaging parameters were as fol-
lows: TR 7000 ms, TE 23 ms, diffusion gradient pulse
duration δ 4 ms, diffusion gradient separation D 12 ms,
and b-value 1000 s/mm2. The acquisition was limited to
16 slices of 0.4 mm thickness, covering only the cere-
brum, with a slice interval of 0.1 mm. These parameters
resulted in a total scan duration of 7 min and 42 s. The
field-of-view (FOV) was set to (21.6 × 20.3) mm2, and the
matrix size was [108 × 10], yielding pixel dimensions of
(0.2 × 0.2) mm2.

Finally, a 10-min axial rs-fMRI scan was acquired
using a T2*-weighted gradient-echo EPI sequence (TR
1000 ms, TE 19 ms, 12 slices of 0.5 mm, slice interval of
0.1 mm, 600 repetitions). The field-of-view (FOV) was
(25.6 × 19.2) mm2 and the matrix size was [96 × 112],
yielding pixel dimensions of (0.267 × 0.171) mm2. For a
subset of mice (n = 10), a 35 min T2-weighted 3D RARE
scan of the whole brain was acquired with the following
parameters: TR 1800 ms, TE 42.6 ms, and RARE factor
3
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Fig. 1: Experimental design, imaging, and analysis procedures for assessing brain development in mice at three key developmental
stages. (a) Resting-state functional MRI (rs-fMRI) and diffusion tensor imaging (DTI) were performed during the same session, followed by [18F]
SynVesT-1 positron emission tomography (PET) imaging at least 48 h later. (b) Imaging and analysis procedures for DTI and rs-fMRI. (c)
Imaging and analysis procedures for PET and computed tomography (CT). AD: axial diffusivity, BSR: blood vessel signal regression, EPI: echo
planar imaging, FA: fractional anisotropy, GSR: global signal regression, ISO: isoflurane, MD: mean diffusivity, RD: radial diffusivity, ROI: region-
of-interest, TBSS: tract-based spatial statistics. Created with BioRender.com.
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12. The FOV was (20 × 20 × 10) mm3 and the acquisition
matrix was [256 × 192 × 64], resulting in a spatial res-
olution of (0.078 × 0.104 × 0.156) mm3. After scanning,
the animals recovered under an infrared lamp and were
transferred back to their home cage.

Rs-fMRI data processing and analysis
Rs-fMRI data pre-processing was performed using
SPM12 software (Statistical Parametric Mapping, http://
www.fil.ion.ucl.ac.uk) in MATLAB 2021a (MathWorks,
USA) as previously described by our group.31 All repe-
titions within a single scan were realigned to the first
repetition using a least squares approach and a 6-
parameter rigid body spatial transformation. The mo-
tion estimates were saved to be regressed from the data
in a next step. A study specific EPI template per age was
created in Advanced Normalisation Tools (ANTs) using
the first repetition of each individual EPI dataset. We
employed age-specific templates to ensure accurate and
reliable analysis of mouse brain structures, because
significant anatomical and volumetric changes occur
between infant and juvenile ages.34 The realigned
rs-fMRI data were registered to their respective age-
specific EPI template. Next, in plane smoothing was
performed on the remaining dataset using a Gaussian
kernel with full width at half maximum of twice the
pixel size (0.534 × 0.342) mm2. Finally, a bandpass filter
(0.01–0.12 Hz) was applied using the Butterworth filter
in MATLAB 2021a to preserve low frequency fluctua-
tions in the BOLD signal time course. In one sub-
analysis, global signal regression (GSR) was performed
to correct for covariance between voxel-wise BOLD sig-
nals and the mean BOLD signal averaged over all voxels
within a whole-brain mask. In a second sub-analysis,
regression of the main blood vessel component signal
(BSR) identified by independent component analysis
(ICA) (see infra) was performed by delineating voxels of
the superior sagittal sinus and extracting a region-of-
interest (ROI) average value for each repetition in the
time series.

Two different types of rs-fMRI data analysis were
carried out. First, a data-driven approach, ICA, was
performed to visualise clusters of voxels with similar
BOLD fluctuation patterns over time.35 We used the
GIFT-Toolbox (Group ICA of fMRI toolbox: http://icatb.
sourceforge.net/), which implements spatial ICA and
estimates statistically independent sources.33 Group ICA
was performed on concatenated data from all animals
per developmental stage using the Infomax algorithm.
The number of components was set to 15, a value
www.thelancet.com Vol 115 May, 2025
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suitable for identifying networks in mice.36,37 Regional
labelling of the different ICA components was per-
formed using the Allen mouse anatomical brain atlas.38

Second, a region of interest (ROI)-based FC anal-
ysis39 was performed to assess the FC between different
regions. Using MRIcron software (version 1.0), ROIs
were manually delineated on each age-specific EPI
template, based on the anatomical regions present in the
ICA maps and the Allen mouse brain atlas.38 The
following ROIs were considered: cingulate cortex (Cg),
retrosplenial cortex (Rs), entorhinal cortex (Ent), hippo-
campus (HC), orbitofrontal cortex (Orb), temporal
association cortex (TeA), parietal association cortex (PA),
prelimbic cortex (PreL), visual cortex (VC), auditory
cortex (AUD), olfactory cortex (Olf), somatosensory
cortex (SS), motor cortex (Mot), caudate putamen (CPu),
frontal association cortex (FrA), thalamus (Thal), and
cerebellum (CB). All ROIs were delineated separately for
the left and right hemispheres. Signal time courses were
extracted for each ROI and correlation coefficients be-
tween signal time courses for each pair of ROIs were
calculated and z-transformed (MATLAB 2021a). The
average z-transformed correlation values were plotted in
a FC matrix. In addition, FC strengths within a ROI
were calculated by averaging the FC values between that
given ROI and all other ROIs. Last, FC strengths within
FC networks were determined by calculating the average
of the pairwise correlation values between their com-
ponents. The different networks were the default mode
like network (DMLN) (Cg, Rs, Ent, HC, Orb, TeA, PA,
and PreL), the associated cortical network (ACN) (VC,
AUD, and Olf), and the lateral cortical network (LCN)
(SS, Mot, CPu, and FrA).40

DTI data processing and analysis
DTI metrics, including fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD), were calculated in the native space of
each animal using MRtrix3 (version 3.0.4).41 Both the
non-diffusion b0 image and the FA metric were utilised
to create a multivariate study-specific template per age
(ANTs). The warped FA images were then processed to
generate a mean FA skeleton (white matter, WM) per
age using the tract-based spatial statistics (TBSS) pipe-
line in FMRIB Software Library (FSL, version 5.0)
(Figure S1).42 A ROI encompassing the corpus callosum
was manually drawn on each mean FA skeleton, with its
anatomical location determined by referencing the Allen
Mouse Brain Atlas. Next, grey matter (GM) ROIs,
identical to the ROIs used for rs-fMRI analysis, were
delineated on each age-specific template. The mean FA
skeleton masks for each age group, including the corpus
callosum ROI, and the GM ROIs were back-transformed
to the individual space of each animal. Subsequently,
individual mean values for FA, MD, AD, and RD were
quantified for both the skeleton, the corpus callosum
ROI, and the GM ROIs using MATLAB 2021a.
www.thelancet.com Vol 115 May, 2025
[18F]SynVesT-1 PET imaging procedure
The synthesis of [18F]SynVesT-1 was performed using a
Trasis AllInOne synthesiser (Belgium) with a custom-
built cassette as previously described.24 At the end of
synthesis, mean molar activity was 173.5 GBq/
μmol ± 52.5 standard deviation (SD). Dynamic 60-min
[18F]SynVesT-1 microPET/Computed tomography (CT)
images were acquired using two Siemens Inveon PET/
CT scanners (Siemens Preclinical Solution, Knoxville,
USA) (Fig. 1c). Animals were anaesthetised with iso-
flurane in medical oxygen (induction 5%, maintenance
1.5–2.5%). The animal’s respiratory rate was monitored
throughout the scanning procedure and the percentage
of isoflurane was adjusted to maintain a respiratory rate
between 80 and 100 breaths per minute. Body temper-
ature was maintained at 37 ± 0.5 ◦C using a feedback-
controlled warm air circuit (Minerve, France). Animals
were administered an injection of 8.3 MBq ± 4.0 SD
[18F]SynVesT-1, corresponding to an injected mass of
5.8 nmol/kg ± 1.6 SD. The injection volume was 100 μL
for infant mice and 200 μL for juvenile and adult mice,
delivered at a rate of 1 ml/min using an automated
pump (Pump 11 Elite, Harvard Apparatus, USA).

Immediately after the PET scan, a 10-min 80 kV/
500 μA CT scan was performed for attenuation correc-
tion and anatomical reference. PET images were
reconstructed with in-house developed list-mode or-
dered-subset expectation–maximisation (OSEM) recon-
struction, considering a spatially variant resolution, with
16 subsets and 8 iterations, with attenuation correction
performed using the attenuation map calculated from
the CT scan.43 Dynamic scans were reconstructed with
framing of 12 frames × 10 s, 3 × 20 s, 3 × 30 s, 3 × 60 s,
3 × 150 s, and 9 × 300 s. PET image frames were
reconstructed on a [128 × 128 × 159] grid of
(0.776 × 0.776 × 0.796) mm3 voxels.

[18F]SynVesT-1 PET data processing and analysis
To create a 3D template for spatial normalisation of the
[18F]SynVesT-1 PET data, the 3D MRI images from each
developmental stage (infant, juvenile, and adult) were
combined to generate an age-specific template (ANTs).
The 3D template was not used as the target space for rs-
fMRI data processing, because co-registration of the
infant EPI images with the 3D MRI template was not
possible due to insufficient contrast between white and
grey matter in 3D images at infant age. Bilateral ROIs
were manually delineated on the 3D templates at each
age in the PMOD 3.6 software using the Allen mouse
brain atlas (Pmod Technologies, Zurich, Switzerland).
The following ROIs were considered: whole brain, Olf,
AUD, VC, primary SS (SS1), secondary SS (SS2), Mot,
CPu, HC, Thal, pons, medulla, and CB, [18F]SynVesT-1
PET data processing and analysis was performed using
PMOD 3.6 software (Pmod Technologies, Zurich,
Switzerland). Individual CT images were rigidly regis-
tered to the corresponding 3D MRI template using
5
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automated spatial registration. The co-registration of
PET and 3D MRI images was achieved by applying the
same automated rigid registration approach, as the PET
and CT were acquired on the same gantry. The output of
the spatial registration was visually inspected for
accuracy.

Regional time-activity curves (TACs) were extracted
using ROIs. Kinetic modelling was performed using the
Logan plot method with regional TACs and plasma ac-
tivity (metabolite-corrected plasma/whole brain ratio-
derived image-derived input function (IDIF)). The linear
phase (t*) was determined from the curve fitting based on
a maximum error of 10%, with t* ranging from 7.5 to
20 min. The total volume of the radioligand distribution
(VT (IDIF)) for each delineated ROI was measured by using
an IDIF.24 Average VT (IDIF) values for each ROI were
obtained by grouping mice per age. Parametric whole
brain images were generated using the pixel-wise model-
ling tool (PXMOD) of the PMOD 3.6 software. Group
averages of the voxel-based graphical analysis of VT (IDIF)

images (Logan plot) with plasma activity (metabolite-
plasma/whole brain ratio-corrected IDIF) as the input
function were generated and superimposed on the 3D
MRI template for anatomical reference.

Statistics
Statistical analysis was performed using MATLAB 2021a
(MathWorks, USA) for rs-fMRI data, and GraphPad
Prism (v9.3) statistical software for DTI and [18F]SynV-
esT-1 PET data. Prior to analysis, the assumption of
normality for each imaging parameter was assessed
using the Shapiro–Wilk test. The P-values for all imag-
ing parameters were greater than 0.05, indicating that
the normality assumption was met. Pairwise compari-
sons between age at the three developmental stages
were conducted using a one-way repeated measures
ANOVA. F-statistics and effect sizes (partial eta-squared,
η2p) were reported to quantify the strength of effects. P-
values were adjusted for multiple comparisons using
the Benjamini and Hochberg false discovery rate (FDR)
correction (All reported P-values reported throughout
the manuscript are FDR corrected). The post-hoc power
analysis was conducted using G*Power software
(version 3.1.9.7) for a one-way repeated measures
ANOVA with a within-subjects design. The analysis
revealed that our sample size of 22 mice with complete
longitudinal data achieved 100% power to detect the
observed effects at a significance level of 0.05. The cor-
relation among repeated measures was set at 0.5. Two-
way repeated measures ANOVA was conducted to
examine the interaction between age and sex on the
imaging outcome parameters. Main effects and in-
teractions were assessed, and P-values were adjusted for
multiple comparisons using the Benjamini and Hoch-
berg FDR correction.

To assess relationships between longitudinal changes
in rs-fMRI, [18F]SynVesT-1 PET, and DTI metrics
(FA, MD, RD, AD), we calculated pairwise Pearson cor-
relations between the changes in these parameters across
nine overlapping ROIs using R (version 4.4.2). Changes
were computed for two developmental periods: from in-
fant to juvenile age, and from juvenile to adult age. For
each ROI and time interval, we computed correlation
matrices and corresponding P-values. Only correlations
with P < 0.05 were considered significant.

Ethics
All animal experiments were performed in accordance
with the European Committee Guidelines (Decree
2010/63/CEE) and in compliance with the 3 Rs
(replacement, reduction, and refinement) principle and
the ARRIVE guidelines. The study was approved by the
Ethical Committee for Animal Testing at the University
of Antwerp (Belgium) (permit number 2021-23). Ani-
mals were housed in the central animal facility of the
University of Antwerp in accordance with the European
guidelines (2007/526/EC).

Role of funders
The funders had no role in study design, data collection,
data analyses, interpretation, or writing of report.
Results
Rs-fMRI
Twenty-two animals underwent DTI and rs-fMRI at in-
fant (P14-17, median: P15), juvenile (P32-37, median:
P34), and adult (P87-104, median: 94) ages. The body
weight of the 22 animals ranged from 5.4 to 9.7 grams
(g) at infant age (mean 7.7 g, SD 2.0), from 12.9 to 21.5 g
at juvenile age (mean 16.6 g, SD 2.3), and from 18.2 to
29.0 g at adult age (mean 22.8 g, SD 2.8) (Figure S2a).
The mean respiratory rate during the 10-min rs-fMRI
scan was 134 (SD 33, range 90–210), 161 (SD 29,
range 120–220), and 157 (SD 35, range 90–230) breaths
per minute (bpm) at infant, juvenile and adult age,
respectively (Figure S2b).

A group ICA analysis of 22 animals per group was
performed as a data-driven approach to assess FC in the
mouse brain at the three developmental ages. Compo-
nents located in the brainstem or in the major blood
vessels were excluded, resulting in ten components in
the infant group, and eleven components in the juvenile
and adult group (Table S1). Bilateral cerebellar, so-
matosensory, and CPu components, as well as the
DMLN (Fig. 2) were identified at each age.

A ROI-based FC analysis was performed to investi-
gate the FC of different brain networks (DMLN, ACN,
and LCN) and their constituents. One-way repeated
measures ANOVA revealed a significant age effect
(P = 0.003, F(2, 42) = 6.67, η2p = 0.25), with reduced
mean FC between infant and juvenile age in 317/561
(57%) connections both within and between different
networks (Fig. 3a, Figures S3 and S4). There were no
www.thelancet.com Vol 115 May, 2025
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Fig. 2: Functional connectivity pattern showing the presence of the default mode like network (DMLN) using independent component
analysis (ICA) of rs-fMRI data in mice at three different developmental stages. Group level ICA demonstrates functional connectivity
between key-constituents of DMLN: cingulate cortex (Cg), entorhinal cortex (Ent), hippocampus (HC), and retrosplenial cortex (Rs). The spatial
colour-coded z-map of the ICA component (higher z-score represent stronger functional connectivity) is overlaid on the age-specific study-based EPI
template.
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significant FC differences between juvenile and adult
age (Fig. 3b). Mean FC differed significantly in 49/561
(9%) connections between infant and adult age (Fig. 3c).
In particular, FC decreased significantly from infant to
adult age between regions of the LCN (mainly somato-
sensory cortex) and regions of the DMLN (27/49, 55%),
and between the thalamus and the other networks (12/
49, 24%).
Fig. 3: Average functional connectivity (FC) matrices comparing FC dat
the diagonal). (a) Infant and juvenile, (b) juvenile and adult, and (c
Pearson correlation between a pair of regions of interest (ROIs), with th
(positive correlation). High z-scores represent a high correlation betwee
between these regions. The large blue, green, and purple squares indic
network, associated cortical network, and lateral cortical network, respecti
age effects with Benjamini and Hochberg false discovery rate correctio
compared to juvenile and adult ages (*: P < 0.05). Cg: cingulate cortex, R
orbitofrontal cortex, PreL: prelimbic cortex, PA: parietal association corte
cortex, Olf: olfactory cortex, SS: somatosensory cortex, Mot: motor
Thal: thalamus, CB: cerebellum, L: left, R: right.

www.thelancet.com Vol 115 May, 2025
The analysis of resting-state FC at the network level
revealed significant developmental changes across
different age groups (Figures S3 and S4). Specifically,
we observed a significant decrease in FC from the infant
to juvenile age between and within the DMLN, ACN,
and LCN (median P-value = 0.004 (IQR: 0.003–0.006)
[one-way repeated measures ANOVA, FDR corrected],
median F-statistic = 6.053 (IQR: 5.990–7.345), median
a from two different neurodevelopmental stages (below vs above
) infant and adult mice. Each square represents the z-score of the
e colour scale ranging from dark blue (negative correlation) to red
n the BOLD signal fluctuations of two ROIs, indicating a high FC
ate the connections between regions within the default mode like
vely. Statistical analysis using one-way repeated measures ANOVA for
n showed significantly higher FC between different ROIs in infant
s: retrosplenial cortex, HC: hippocampus, Ent: entorhinal cortex, Orb:
x, TeA: temporal association cortex, VC: visual cortex, Aud: auditory
cortex, CPu: caudate putamen, FrA: frontal association cortex,
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η2p = 0.224 (IQR: 0.222–0.259)). In contrast, there were
no significant differences in FC between the juvenile
and adult ages indicating that FC levels stabilise during
this period. Although the change in FC from juvenile to
adult was not statistically significant, there was a slight
increase in FC during this transition, particularly within
the three networks (DMLN, ACN, and LCN), and be-
tween DMLN and ACN. Furthermore, although not
statistically significant, reductions in FC between the
DMLN and LCN (P = 0.07) as well as between the ACN
and LCN (P = 0.07) were observed between infant and
adult ages [one-way repeated measures ANOVA, FDR
corrected].

To assess the effect of different physiological and
non-physiological nuisances, GSR was applied on the rs-
fMRI timeseries, followed by a ROI-based FC analysis
(Figures S3–S5). Although no significant main effect of
age was found (F(2, 42) = 2.132, P = 0.132, [one-way
repeated measures ANOVA]), the partial eta squared
value was moderate (η2p = 0.096), suggesting that
developmental changes may have a modest influence on
FC across age groups. Nonetheless, post-hoc analyses
revealed specific connections showing significant FC
differences between certain age comparisons. For
example, between infant and adult ages, 17 connec-
tions between regions of the DMLN and the LCN were
significantly reduced. This pattern of FC changes was
further corroborated by ROI-based analyses at the
network level, indicating a consistent decrease in FC
between the DMLN and LCN from infant to juvenile
(P-value = 0.018), and infant to adult age (P-
value = <0.001, [one-way repeated measures ANOVA,
FDR corrected]), with the emergence of an anti-
correlation between the two networks (Figures S3
and S4).

After the ICA-analysis, which showed a blood vessel
component present at all developmental stages, BSR
was performed to evaluate its impact on the ROI-based
FC analysis (Figures S3, S4, and S6). Following the
application of BSR, the ROI-based analysis revealed no
significant main effect of age (F(2, 42) = 0.741,
P = 0.627, η2p = 0.023, [one-way repeated measures
ANOVA]). Nonetheless, post-hoc analyses revealed spe-
cific connections showing significant decrease in FC
from the infant to juvenile ages among several regions
within the DMLN, and between the networks, including
the thalamus. At the network level, a significant reduc-
tion in FC was noted between the DMLN and the LCN
from the infant to juvenile age (P-value = 0.037, [one-
way repeated measures ANOVA, FDR corrected],
Figures S3 and S4).

To investigate whether the effects of age on FC be-
tween selected ROIs differ by sex, we conducted a two-
way repeated measures ANOVA for males and females
over time. This analysis revealed no significant interac-
tion effect between sex and age (F(2, 42) = 1.89,
P = 0.164, η2p = 0.086, Figure S7).
DTI
Analysis of DTI data extracted from the WM skeleton
and GM ROIs revealed widespread changes from in-
fancy to adulthood. Across the three developmental
stages, we observed a significant increase in WM FA
values (F(2, 42) = 18.966, P = <0.0001, η2p = 0.661)
accompanied by a significant decrease in RD (F(2,
42) = 31.379, P = <0.0001, η2p = 0.815, [one-way
repeated measures ANOVA, FDR corrected], Fig. 4,
Table S2). WM FA increased with 6.1% from infant to
juvenile age and with 9.2% from juvenile to adult age,
while RD decreased by 12.2% from infant to juvenile
age followed by a further 3.4% decrease towards adult
age. MD and AD decreased significantly (MD: F(2,
42) = 26.697, P = <0.0001, η2p = 0.805; AD: F(2,
42) = 15.100, P = <0.0001, η2p = 0.744, [one-way repeated
measures ANOVA, FDR corrected]), with 11.0% and
9.4%, respectively, from infant to juvenile age. ROI
analysis of the corpus callosum supported these findings
(FA: F(2, 42) = 3.957, P = 0.0253, η2p = 0.400; MD: F(2,
42) = 22.253, P = <0.0001, η2p = 0.785; AD:
F(2, 42) = 14.228, P = <0.0001, η2p = 0.760; RD:
F(2, 42) = 19.196, P = <0.0001, η2p = 0.778, [one-way
repeated measures ANOVA, FDR corrected]). It showed
a 6.0% increase in FA between infant and juvenile age,
accompanied by a 12.7%, 11.0%, and 14.0% decrease in
MD, AD, and RD, respectively (Figure S8). In addition,
significant differences in corpus callosum diffusion
metrics between juvenile and adult mice included a
3.18% decrease in MD, and a 3.06% decrease in RD.

Next, DTI metrics in GM ROIs showed a significant
age effect in all brain regions, except for FA in PreL L/R,
Aud R, Olf L/R, and Mot L/R ((median values) FA:
F(2, 42) = 17.710, P = <0.0001, η2p = 0.482; MD: F(2,
42) = 95.658, P = <0.0001, η2p = 0.834; AD:
F(2, 42) = 72.378, P = <0.0001, η2p = 0.792; RD: F(2,
42) = 118.692, P = <0.0001, η2p = 0.862, [one-way
repeated measures ANOVA], Figure S9). Post-hoc
comparisons showed a significant increase in FA from
infant to juvenile age, except in Cg L, PreL L/R, TeA L/
R, Aud L/R, Olf L/R, SS L/R, Mot L/R, FrA R, and CB L,
while MD, AD, and RD decreased significantly in all
brain regions. From juvenile to adult age, FA further
increased significantly in Cg L/R, Rs R, HC L, Ent L, PA
L/R, TeA L/R, CPu R, Thal L/R, and CB L/R, while it
decreased significantly in Orb R, Aud L, SS L/R, and
FrA R. During the same time interval, MD, RD, and AD
changed significantly in only a minority of ROIs with a
significant decrease of MD in Olf L/R, of RD in PA L/R,
TeA L, Olf L/R and CPu R, and of AD in Orb L/R and
Olf L/R. In contrast, MD, RD, and AD increased
significantly in CB.

To investigate whether the effects of age on diffusion
metrics differ by sex, we performed a two-way repeated
measures ANOVA of the WM diffusion metrics for
males and females over time. This revealed no significant
interaction effect between sex and age effect
www.thelancet.com Vol 115 May, 2025
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Fig. 4: Developmental changes in white matter diffusion metrics across neurodevelopmental stages. The figure presents the mean and
individual values of fractional anisotropy (FA) (a), mean diffusivity (MD) (b), axial diffusivity (AD) (c), and radial diffusivity (RD) (d) at three
developmental stages: infant (black), juvenile (blue), and adult (red). Statistical analysis using one-way repeated measures ANOVA with
Benjamini and Hochberg false discovery rate correction for multiple comparisons showed significantly lower FA and higher MD, AD, and RD
values at infant compared to juvenile age. FA increased and RD decreased significantly from juvenile to adult age (*: P < 0.05, ***: P < 0.001,
****: P < 0.0001).
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(P = 0.098–0.275, Figure S10). Despite the lack of a sig-
nificant interaction, post-hoc comparisons indicated that
females at infant age exhibited significantly higher FA
(0.268 vs 0.2577, P = 0.04), as well as significantly lower
MD (0.0007451 mm2/s vs 0.0007628 mm2/s, P = 0.04)
and RD (0.0006368 mm2/s vs 0.0006571 mm2/s,
P = 0.02) compared to males. Additionally, at the juvenile
age, females showed significantly lower AD compared to
males (0.0008659 mm2/s vs 0.0008881 mm2/s, P = 0.04).

[18F]SynVesT-1 PET imaging
Twenty-two animals underwent [18F]SynVesT-1 PET
imaging to visualise SV2A density at infant (P16-21,
www.thelancet.com Vol 115 May, 2025
median: P18), juvenile (P34-42, median: P36), and adult
(P89-106, median: P96) ages. The body weight of the 22
animals ranged from 6.1 to 12.3 g at infant age (mean
8.6 g, SD 1.6), from 14.3 to 22.3 g at juvenile age (mean
17.8 g, SD 2.2), and from 16.9 to 35.0 g at adult age
(mean 24.3 g, SD 3.9).

One-way repeated measures ANOVA revealed a sig-
nificant age effect in all investigated brain regions
(median P = <0.0001 (IQR: <0.0001–0.004), median
F(2,42) = 9.652 (IQR: 5.965–17.711), median η2p = 0.602
(IQR: 0.522–0.684)). Regional [18F]SynVesT-1 VT (IDIF)

was significantly higher in infant mice compared to
juvenile and adult mice in all investigated brain regions.
9
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In adult mice, VT (IDIF) was significantly higher in cer-
ebellum compared to juvenile mice, while no significant
differences were observed in the other brain regions
(Fig. 5, Table S3).

To investigate whether the effects of age on regional
[18F]SynVesT-1 VT (IDIF) differ by sex, we performed a
two-way repeated measures ANOVA of the VT (IDIF)

values for males and females over time. This analysis
showed a significant sex*age interaction across all
Fig. 5: Regional [18F]SynVesT-1 volume of distribution (VT (IDIF)) per de

(IDIF) calculated with Logan plot. Black, blue, and red bars represent infant,
VT (IDIF) with ±95% confidence interval. Statistical analysis using one-w
discovery rate correction showed significantly higher [18F]SynVesT-1 upt
regions (*: P < 0.05). (b) Mean parametric [18F]SynVesT-1 images of ea
right), and axial (bottom left) views. Mean Vt values were higher in infan
are represented by a colour scale ranging from blue (0 ml/cm3) to red (50
SS1: primary somatosensory cortex, SS2: secondary somatosensory cor
Thal: thalamus, CB: cerebellum, CD: caudal, CR: cranial, D: dorsal, L: left,
investigated brain regions (median P = 0.002 (IQR:
0.0018–0.0028), median F(2, 42) = 5.39 (IQR: 4.76–5.54),
median η2p = 0.160 (IQR: 0.150–0.164)), indicating that
the changes in the VT (IDIF) values across the develop-
mental stages differ between males and females
(Table S3, Figure S11). Post-hoc comparisons showed
that the sex*age interaction was driven by the significant
higher VT (IDIF) values found in females compared to
males at juvenile age.
velopmental stage in different brain regions. (a) [18F]SynVesT-1 VT
juvenile, and adult age, respectively. The bar graphs present the mean
ay repeated measures ANOVA with Benjamini and Hochberg false
ake values at infant compared to juvenile and adult age in all brain
ch developmental stage displayed in coronal (top left), sagittal (top
t mice than in juvenile and adult mice (n = 22). Vt values (in ml/cm3)
ml/cm3). Olf: olfactory cortex, Aud: auditory cortex, VC: visual cortex,
tex, Mot: motor cortex, CPu: caudate putamen, HC: hippocampus,
R: right, V: ventral.
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Correlations between the imaging modalities
From infant to juvenile age, almost all imaging metrics
(FC, Vt, MD, RD, and AD) decrease across all brain
regions, except for FA which shows an increase
(Figure S12). However, only MD, AD, and RD were
significantly correlated across most regions (median
r = 0.971 (IQR: 0.919–0.985), P < 0.001, [pairwise
Pearson correlation], Figure S13). From juvenile to adult
age, imaging metric changes are variable across brain
regions (Figure S12). Apart for the correlated MD, AD,
and RD metrices in most brain regions (median
r = 0.952 (IQR: 0.910–0.978), P < 0.001, [pairwise
Pearson correlation]), FA and FC-values were signifi-
cantly anti-correlated with MD, AD and/or RD in only a
minority of ROIs. Regional [18F]SynVesT-1 VT (IDIF) was
not significantly correlated with rs-fMRI or DTI metrics.
Discussion
In this study, we investigated in-vivo functional, molec-
ular, and microstructural neurodevelopmental changes
from infancy to adulthood in mice using longitudinal rs-
fMRI, DTI, and [18F]SynVesT-1 PET imaging of the
same mice at infant (P14-21), juvenile (P32-42), and
adult (P87-106) ages. We showed that resting-state FC
and synaptic density generally decrease from infant to
juvenile age, while WM and GM FA increase during this
stage of brain development. From juvenile to adult age,
we observed significant higher FA and lower RD in WM
and in some GM regions (FA: Cg L/R, Rs R, HC L, Ent
L, PA L/R, TeA L/R, CPu R, Thal L/R, and CB L/R; RD:
PA L/R, TeA L, Olf L/R, and CPu R). Other imaging
parameters remained mainly unchanged, such as
resting-state FC, synaptic density, and AD and MD (WM
and GM). Understanding the physiological basis of
these changes is essential for elucidating the normal
maturation processes of the brain and the potential
impacts of various NDDs.

We employed rs-fMRI to investigate the maturation
of brain FC in mice. First of all, at infant age, corre-
sponding to approximately 1.5–2 years of age in
humans, we already observed the presence of a DMLN
(with the strongest FC between the core regions Cg, Rs,
HC, and Ent) and a highly synchronised brain exhibit-
ing high FC both between and within networks. These
findings align with cross-sectional human rs-fMRI
studies showing that primary as well as some higher-
order networks, such as the default mode network
(DMN), are synchronised by 1 year of age.44 While some
studies- and species-specific differences exist in the
topography of the DMN, it has been consistently iden-
tified in humans, non-human primates, and rodents,
underscoring its evolutionary conservation and its
fundamental role in neurodevelopment.45,46

Secondly, from infancy to juvenile age, we observed
an overall decrease in FC. To the best of our knowledge,
only one rodent study has investigated normal
www.thelancet.com Vol 115 May, 2025
neurodevelopment using rs-fMRI from infancy to juve-
nile age. This cross-sectional study used deep anaes-
thesia (2% isoflurane) in Wistar rats and reported
increased FC between the hippocampus and orbito-
frontal cortex from P21 to P39 using seed-based anal-
ysis.47 These higher dosages of isoflurane have been
shown to result in more widespread FC correlations,
which may account for the differences observed in
our study. Additionally, there is a lack of longitudinal
human rs-fMRI studies focussing on comparable age
intervals to those in our study.

We identified a few exceptions to the overall decrease
in FC. Specifically, FC between the olfactory cortices and
the DMLN regions, and the somatosensory and motor
cortices, as well as between the motor cortices and other
regions of the LCN, remained stable throughout devel-
opment. We propose that this stability reflects the early
maturation of these networks, which may be linked to
survival needs.

Finally, from juvenile to adult age, we observed a
non-significant trend of increased FC, primarily within
the networks. This aligns with the subtle changes
observed in one rat and several human rs-fMRI studies
across these ages.48–53 This suggests that while some
maturation of functional networks occurs during this
developmental period, major shifts may no longer be
evident.

After applying GSR or BSR, we observed fewer re-
ductions in functional connections from infant to juve-
nile age, with only a significant decrease in FC between
regions of the DMLN and LCN. This indicates that the
BOLD signals are largely influenced by large blood
vessels and global noise. However, the application of
GSR or BSR remains controversial, as we cannot
completely exclude the possibility of neuronal contri-
butions to the signals. Studies by Thompson et al. have
shown that the global fMRI signal correlates with neural
activity fluctuations54 and metabolic shifts across brain
states,55 suggesting that GSR may inadvertently remove
meaningful neural and metabolic information critical
for understanding brain network dynamics. Age-related
differences in the haemodynamic response could
further affect FC quantification.56 In addition to the
decrease in FC, following GSR, an anti-correlation
emerged at juvenile age between regions of the DMLN
and LCN, persisting into adulthood. This anti-
correlation must be interpreted cautiously, as GSR can
introduce artefactual anti-correlations.57 Nevertheless,
the complementary roles of these networks (task-nega-
tive vs task-positive) are well-established, and multiple
studies have demonstrated the existence of an anti-
correlation between these two networks and its impor-
tance in normal neurodevelopment.58,59

Next, we used longitudinal DTI to investigate
microstructural WM and GM brain development by
measuring various diffusion metrics, including FA,
MD, AD, and RD. We found increasing FA and
11
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decreasing MD, AD, and RD with age in WM and most
GM regions (FA: Cg R, Rs L/R, HC L/R, Ent L/R, Orb
L/R, PA L/R, VC L/R, CPu L/R, Fra L, Thal L/R, and CB
R; MD, AD, and RD: all ROIs [from infant to juvenile
age], FA: Cg L/R, Rs R, HC L, Ent L, PA L/R, TeA L/R,
CPu R, Thal L/R, and CB L/R; MD: Olf L/R; AD: Orb
L/R and Olf L/R; RD: PA L/R, TeA L, Olf L/R, and CPu
R [from juvenile to adult age]). The increased FA implies
improved microstructural organisation of white matter
and cellular structures, and the decreased diffusivity
along all directions indicates myelination, increased
fibre and cell density, and/or axon coherence.60 Addi-
tionally, reduction in AD may result from an axonal
pruning process.61 Our findings are in line with several
in vivo cross-sectional and limited longitudinal DTI
studies conducted in humans and rodents from birth to
adulthood.61–66 Chahboune et al. (2007) studied FA and
apparent diffusion coefficient (ADC) in four groups of
C57B/L6 mice aged P15, P17, P38, and P45 with DTI.
They observed increasing FA in CC, CPu, and Cg, while
FA did not change significantly in the SS. In addition,
ADC decreased significantly in all regions, except for the
CPu.66 These results are similar to what has been
observed in the current study, except that we also found
significantly decreased MD in the CPu. The discrepancy
in the CPu could be attributed to methodological dif-
ferences in calculating ADC versus MD. While ADC is
derived from the trace of the diffusion tensor, MD is the
mean of the eigenvalues of the tensor and can be
influenced by differences in acquisition parameters or
post-processing methods. Additionally, subtle strain-
specific differences between SV/129 and C57BL/6
mice may play a role.

Finally, we performed [18F]SynVesT-1 PET to assess
synaptic density changes across different neuro-
developmental stages by quantifying SV2A receptor
binding. We demonstrated a reduction in SV2A receptor
binding from infant to juvenile age, followed by stabi-
lisation until adulthood. To our knowledge, only one
study has investigated brain development using PET
quantification of SV2A binding, and only at foetal age.
In this study, pregnant rhesus monkeys were scanned
twice during the third trimester, showing increasing
synaptic density with the highest SV2A binding in pri-
mary motor and visual regions during this period.67 Ex-
vivo histological studies of human brain tissue have
revealed that synaptic density rapidly increases from
foetal age until the first years of life, reaching higher
levels than in adults.68–70 Around 2–3.5 years of age,
synaptogenesis plateaus and synaptic pruning occurs.
This synapse elimination mainly takes place during the
first decade, until late childhood or adolescence, but
may extent until early adulthood.68–70 Various in-vivo and
ex-vivo rodent studies, using 2-photon microscopy and
electron microscopy, respectively, have shown that
during adolescence and adulthood there is a continued
process of synapse elimination and formation associated
with learning and adaptation. The interplay of these
processes could maintain a relatively constant synaptic
density despite ongoing remodelling of neural circuits,
similar to our findings.71–73 Additionally, our findings
align with a broader pattern of neurodevelopmental
changes observed in humans through various in-vivo
PET studies, which have shown that cerebral glucose
metabolism, blood flow, GABAA receptor density, and
serotonin synthesis peak during the first years of life,
after which they decline to adult values.11

This study utilises [18F]SynVesT-1 PET to investi-
gate synaptic density changes from infancy to adult-
hood in mice. The blood-brain barrier (BBB)
permeability of the PET tracer is an important
consideration in interpreting these findings. Notably,
the BBB in mice is largely functional by embryonic day
15.5.74 Additionally, our prior characterisation of SV2A
PET radioligands, including [11C]UCB-J,75 [18F]SynV-
esT-1,24 and [18F]UCB-J76 has not revealed any signifi-
cant BBB permeability issues in adult mice.
Importantly, our use of dynamic kinetic modelling
with heart-derived input functions ensures reliable
quantification of synaptic density, independent of
potential alterations in BBB permeability. Last, the ju-
venile and adult VT values observed are consistent with
previous studies in adult mice,24 supporting the
robustness of our findings.

Next to developmental changes over age, we also
investigated interactions between age and sex. Our re-
sults revealed no significant age-by-sex interaction ef-
fects in the rs-fMRI and DTI data, indicating that the
overall patterns of FC and diffusion metrics were
consistent across sexes during the three developmental
stages. This aligns with previous research suggesting
that while sex differences may exist, they do not
consistently manifest across all functional and micro-
structural developmental data or ages.60,77–79 However,
post-hoc comparisons of the DTI parameters showed
that females exhibited higher FA and lower RD and MD
at infant age, as well as lower AD at juvenile age
compared to males. These findings indicate that females
may have enhanced WM integrity during early devel-
opment, which could be indicative of more advanced
myelination or structural organisation at this stage.
Multiple human DTI studies indeed showed the faster
WM maturation in females compared to males with
higher FA, and lower MD, AD, and RD at childhood
age.80–82 However, some DTI studies could not confirm
these findings.83,84 In the absence of a significant age-by-
sex interaction effect, it indicates that the observed sex
differences do not translate into broader developmental
trends across the ages studied. Additionally, we
observed a significant age-by-sex effect in our [18F]
SynVesT-1 PET data, primarily driven by the higher
synaptic density in females compared to males at juve-
nile age. Neuron-synthesised oestrogen has been shown
to induce synaptogenesis,85,86 and thus could explain
www.thelancet.com Vol 115 May, 2025
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differences in synaptic density during puberty. Our
findings highlight the importance of considering
developmental stages and sex when interpreting
neurodevelopment.

This longitudinal study employs three complemen-
tary imaging techniques to provide a comprehensive
view of brain development. Each modality contributes
unique insights into specific aspects of brain matura-
tion: rs-fMRI elucidates network interactions, [18F]
SynVesT-1 quantifies synaptic density, and DTI assesses
microstructural organisation of tissues. While these
processes are inherently interrelated during develop-
ment, our findings reveal that correlations between the
modalities are limited, emphasising the independent
nature of SV2A availability from functional and struc-
tural dynamics. These findings underscore the impor-
tance of a multimodal approach to studying brain
development, as each technique contributes comple-
mentary information about functional, structural, and
molecular changes. Together, they provide a nuanced
and comprehensive framework for characterising the
dynamic processes shaping the brain during critical
periods of maturation.

This study describes major brain developmental
changes from infancy to adulthood in a large cohort of
22 mice using rs-fMRI, DTI and [18F]SynVesT-1 PET.
However, several limitations should be noted. First, our
focus on three developmental stages provided valuable
insights, but the timing of the developmental processes
may differ in different brain regions.64,68,87 More
frequent sampling, particularly between infant and ju-
venile stages, could offer finer-grained insights into
system-dependent changes. However, longitudinal
studies using repeated anaesthesia over short periods of
time are challenging as medetomidine requires several
days to be completely metabolised. The potential influ-
ence of repeated anaesthesia on brain development is
also a concern.88 Alternative methods such as awake
imaging are not feasible in young mice because such
approaches often involve extensive habituation protocols
and surgical intervention if this procedure involves head
fixation, impeding longitudinal imaging in the same
mice. Second, while this study offers an exploratory
examination of brain development in rodents, the direct
translation of these findings to humans is complex.
Therefore, the results should be viewed as a founda-
tional reference, with further investigation needed to
confirm their relevance in the context of studying NDDs
in preclinical models. Third, we acknowledge that
varying the number of components may influence
network delineation. The number of components in the
ICA-analysis was set to 15 to facilitate comparison
across ages, and was based on prior studies demon-
strating that this value is suitable for identifying func-
tionally relevant networks in mice.36,37 Fourth, we
acknowledge the potential influence of strain differ-
ences, such as those between the 129/Sv and the more
www.thelancet.com Vol 115 May, 2025
commonly studied C57BL/6 strains. However, it is
worth noting that DTI metrics in the 129/Sv strain are
comparable to those reported for C57BL/6. These sim-
ilarities provide some confidence in the broader appli-
cability of our findings. Nonetheless, future studies
exploring the profile of these metrics across other
strains, including C57BL/6, will be valuable in further
understanding potential strain-specific effects on neu-
rodevelopmental processes. Last, as previously
described, comparing brain regions across develop-
mental stages is challenging due to differences in brain
shape and size.11 We addressed this by creating age-
specific MRI and DTI templates and delineating
brain regions based on a combination of ICA results,
the Allen brain atlas tailored to each developmental
stage, and the white matter skeleton generated by
TBSS. However, inherent limitations associated with
comparing brain regions across different ages remain.
In conclusion, our longitudinal study utilising a
multimodal imaging approach, combining rs-fMRI,
DTI, and [18F]SynVesT-1 PET, provides valuable in-
sights into mouse brain development from infancy to
adulthood, as it captures the complex, multifaceted
nature of brain maturation. Our findings of decreasing
FC and synaptic density, coupled with increasing white
matter integrity from infant to juvenile stages, followed
by stabilisation and further refinement into adulthood,
mirror known patterns of human brain development.
Importantly, the inclusion of an early developmental
stage (P14-21) allowed us to investigate a critical period
of brain maturation, often overlooked in rodent
studies.

The parallel between our findings and human neu-
rodevelopmental trajectories underscore the utility of
mouse models in studying both normal and abnormal
brain development. Our multimodal approach lays the
groundwork for exploring interplay between structural,
functional, and synaptic changes during critical matu-
ration periods, enhancing our understanding of the
neural underpinnings of cognition and behaviour. The
comprehensive perspective offered by our study can
inform future preclinical studies into various NDDs,
potentially guiding more targeted research strategies
and therapeutic interventions.
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