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Neurofluids encompass a variety of fluids in the central nervous system, including cerebrospinal 
fluid (CSF), interstitial fluid (ISF), arterial and venous blood. The dynamic exchange of these fluids 
in the brain parenchyma is essential for delivering nutrients, maintaining homeostasis, and 
removing metabolic waste. Two primary pathways responsible for waste clearance in the brain 
are the glymphatic pathway and the intramural periarterial drainage pathway, both of which 
utilize the perivascular spaces (PVS) surrounding arteries and veins to facilitate the exchange of 
CSF and ISF, coordinating with blood flow dynamics.  

Recent discoveries have identified lymphatic vessels in the dural meningeal layer and 
associated parasagittal tissue (PSD), revealing additional CSF drainage routes and highlighting 
novel sites for neuroimmunological surveillance. Impairment of CSF-ISF drainage pathways can 
result in the accumulation of toxic waste in the brain, potentially leading to cell death, 
neuroinflammation, and neurodegeneration in adults. Although these pathways have been widely 
researched in animal models and adult humans, the early development of their anatomical 
structures and pathological significance in infants and young children is poorly understood.  

PVS and PSD are emerging as potential structural MRI biomarkers for altered CSF and ISF 
drainage in neurodegenerative and neuroinflammatory disorders in adults but their significance 
in the developing pediatric brain remains unexplored. The developing pediatric brain is very 
different from the adult brain. The anatomical structures such as the meninges, neurons and the 
glial cells together with fluids such as CSF and ISF develop in different phases in a perfectly 
orchestrated manner. This supports critical processes such as neurotransmitter signaling, 
myelination, and neuronal migration. Genetic or environmental toxins can hinder this process 
and likely affect the development of drainage pathways.  

Building upon this context, I set out to investigate these biomarkers in a pediatric cohort 
with autism spectrum disorder (ASD). ASD is a complex condition influenced by a combination of 
genetic and epigenetic factors. Neuroimaging studies reveal that children with ASD often have 
enlarged CSF filled subarachnoid spaces, likely due to altered drainage pathways but a thorough 
investigation of PVS and PSD has yet to be done.  

In this study, I present findings from my recently completed research, which has largely 
been published, where I quantified and analyzed MRI metrics related to PVS and PSD in relation 
to the severity of ASD symptoms using deep learning methods.  
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Chapter 1 Introduction 

1.1 Objective of the thesis 

The anatomy, physiology and the dynamics of neurofluids is now of increasing 

importance to understand some of the most devastating neurological disorders in human adults 

such as dementia and neurovascular diseases. The last decade has significantly advanced our 

approach in diagnosing and developing novel treatment strategies in diseases such as 

Alzheimer’s disease, cerebral amyloid angiopathy and cerebral small vessel disease.   

"Neurofluids" refers to all fluid compartments within the brain, including cerebrospinal 

fluid (CSF), interstitial fluid (ISF), and both arterial and venous blood (1,2). These compartments 

are in constant contact with one another, facilitating the exchange of fluids, ions, molecules, 

gases, and nutrients. The synchronous movement of these fluids, governed by cardiac and 

respiratory activity is crucial to maintain a homeostatic environment, required for optimal 

neuronal and glial functions. The last decade has directed our attention on the role of ISF in the 

brain development and funciton (3). ISF fills the extracellular space (ECS) made up of 

extracellular matrix (ECM) to allow for the movement of nutrients and neurotransmitters while 

facilitating removal of metabolic waste products. The precise anatomical pathways are still 

poorly understood, and attempts are ongoing in the field of pre-clinical and human research to 

better elucidate them.  

There is a vacuum of knowledge regarding the development of neurofluids related to 

anatomical structures and their nature during embryonic, fetal, neonatal and early childhood 

periods. Such information will become crucial for advancing our knowledge of normal brain 

development, and comprehension of the etiologies of various pediatric neurological disorders. 

The role of neurofluids, in particular that of CSF and ISF appear significant in neurodevelopment, 

particularly during synaptic pruning, volume transmission of neurotransmitters and 

myelination—processes essential for neuronal circuitry formation and cognitive development (4–

7). Such knowledge may also facilitate the development of targeted therapies in the pediatric 

brain. Extensive research using magnetic resonance imaging (MRI) has explored indirect 

structural markers such as perivascular spaces (PVS) and the parasagittal dura (PSD) in adults, 

particularly in relation to neuroinflammation and neurodegeneration. However, there is limited 

understanding of what these structures signify in neonates, infants, and in pediatric neurological 

conditions. Since PVS and PSD are thought to reflect altered neurofluid and solute drainage in 
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adults, this project aims to investigate the developmental biology of the anatomical structures 

involved in these drainage pathways during early brain development. 

1.2 Presentation of the thesis 

In this introductory chapter, I will synthesize the existing literature on the developmental 

timeline of key anatomical structures related to neurofluids. This work aims to serve as a 

foundational reference for future research in this domain and to establish a critical framework for 

interpreting subsequent findings. I also provide an overview of Autism Spectrum Disorder (ASD), 

whose etiology remains largely elusive, believed to involve a complex interplay of 

neurodevelopmental and neuroinflammatory factors. The two most established structural 

biomarkers in MRI for assessing the severity of neuroinflammatory and neurodegenerative 

diseases in adults are the PVS and the PSD. ASD was selected as a potential model to investigate 

these biomarkers in a pediatric neurological condition, particularly due to the well-known 

neuroradiological feature of an enlarged subarachnoid space (SAS) over the cerebral convexity 

frequently observed in individuals with ASD. The reasons for this increased space remain unclear, 

with one hypothesis suggesting that it may be linked to alterations in CSF drainage. 

Chapter 2 is a published review on our current understanding of the cerebral vasculature in 

the human adult brain. Since its publications, this review has been cited more than 100 times.  

In Chapter 3, I present a published review that I wrote on the role of MRI to study neurofluids 

in the developing brain and discuss several neurological disorders that might be related to 

abnormal flow dynamics.  

Chapters 4 and 5 are two original research published papers that provide evidence of MR 

based biomarkers of altered fluid dynamics in ASD. 

Chapter 6 presents a manuscript intended for submission, detailing an in-house 

developed methodology for segmenting PSD in the pediatric brain using automated deep 

learning-based neural networks.  

Chapter 7 discusses the key findings from the published studies and outlines potential 

directions for future research aimed at advancing our understanding and exploring possible 

applications in pediatric neurological disorders. 

Here below is a summary of the literature regarding the development of the different brain 

structures that are involved in fluid dynamics such as the development of ventricles, choroid 

plexi, the SAS, the cerebrovasculature, the meninges and the meningeal lymphatics, during the 
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embryonic, fetal and early human life. This forms the foundation of all original research articles 

presented in the other chapters.  

1.3 Developmental embryology of Neurofluids 

1.3.1 The formation of the ventricular system  

The central nervous system, comprising the brain and spinal cord, originates from the 

embryonic neural plate, also known as the neuroectoderm. This plate folds to create the neural 

tube, which typically closes around four weeks after fertilization. As brain development 

progresses, the central canal of the neural tube expands to form the ventricles—fluid-filled 

cavities that produce and circulate CSF. The neural tube differentiates into three primary brain 

vesicles: the prosencephalon, mesencephalon, and rhombencephalon. The prosencephalon 

further divides into the telencephalon (which develops into the cerebral hemispheres) and the 

diencephalon (encompassing the thalamus, basal ganglia, hypothalamus, and epithalamus). The 

mesencephalon remains undivided, while the rhombencephalon splits into the metencephalon 

(which gives rise to the pons and cerebellum) and the myelencephalon (which forms the medulla 

oblongata). As the brain matures, the ventricles expand and adapt to accommodate the growth 

of surrounding brain structures. 

Each of the two lateral ventricles arises from the telencephalon and connects to the third 

ventricle via the foramen of Monro. The third ventricle, a small cavity located between the 

thalami, is linked to the fourth ventricle by the cerebral aqueduct, which runs along the dorsal 

side of the mesencephalon. The fourth ventricle, forming the posterior wall of the pons, contains 

three openings: two lateral apertures known as the foramina of Luschka and a median aperture 

called the foramen of Magendie. The foramina of Luschka connect the ventricular system to the 

cerebral subarachnoid space (SAS), while the foramen of Magendie links the ventricular system 

to the central ependymal canal and the spinal SAS. 

The neuroepithelium lining the neural canal consists of a single layer of interconnected 

cells held together by tight junctions and adherence molecules. This arrangement creates a 

barrier between the interior and exterior of the neural tube. The apical surface of the 

neuroepithelium faces the ventricular cavity, while the basal surface is aligned with the neural 

tissue. The shaping of the brain ventricles occurs through stereotypical bends and constrictions, 

processes that necessitate genetically regulated midline separation, as well as the involvement 

of the cytoskeleton and extracellular matrix for structural support. 
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1.3.2 Production of the embryonic and fetal CSF  

Before the closure of the neural tube, its cavity is filled with amniotic fluid, which later 

becomes the precursor to CSF after the tube closes. The closure of the anterior and posterior 

neuropores prevents any communication between the amniotic fluid and the embryonic CSF 

(eCSF) within the neural tube. The neuroepithelial cells that come into contact with this 

embryonic CSF then undergo proliferation and differentiation, forming what is known as the 

embryonic CSF-brain barrier (4). This transitory barrier, formed by tight junctions, establishes a 

division between the brain and the developing ventricular cavity, limiting the entry of all 

molecules except for very small, lipid-insoluble ones (8,9). This interface gradually disappears 

and ultimately evolves into the ependymal wall in adults. Since the SAS and ventricles are yet to 

develop, eCSF is entirely produced by neuroepithelial cells and remains within the primary brain 

vescicles as opposed to fetal CSF. 

Once the neural tube is closed, the secretion of eCSF begins via the neuroepithelium, 

which is crucial for establishing the appropriate intraluminal pressure needed to inflate the 

ventricular cavity. Research on chick embryos indicates that the Na⁺/K⁺-ATPase ion pump plays 

a significant role in CSF production. Additionally, the secretion of proteoglycans into the 

embryonic CSF by neuroepithelial cells is important for fluid accumulation and transport within 

the ventricles (10,11). The apical surface of these cells is rich in proteoglycans, chondroitin 

sulfate, and hyaluronic acid, which help regulate the osmolality of the CSF and intracranial 

pressure (10,11).  

The increase in intraluminal pressure results in the rapid inflation of the ventricles at a pace 

significantly faster than brain growth (12). Around four weeks into human embryonic 

development, an occlusion develops between the brain ventricles and the spinal canal, causing 

a sudden shift in the pressure gradient that promotes further enlargement of the ventricles (13). 

The transition from eCSF to fully developed CSF is primarily indicated by the appearance of the 

choroid plexus, which assumes responsibility for CSF production in the fetus, coinciding with the 

opening of the rhombencephalic roof. At this stage, the tela choroidea appears, a structure that 

is genetically determined and also facilitates the development of the future SAS (14). The foramen 

of Magendie emerges around four months, while the foramina of Luschka develop at six months 

(15), suggesting that communication between the ventricles and the SAS occurs rather late in 

embryonic development (4). 
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1.3.3 Choroid plexus development  

The choroid plexuses (ChP) are highly vascularized structures attached to the ependymal 

walls of the ventricles. The tela choroidea begins to form around the 7th week of human 

embryonic development and gradually matures by birth (16). The ChP appear in a specific order: 

first in the fourth ventricle, followed by the lateral ventricles, and then the third ventricle. This 

development occurs in four stages. In the second stage, around the 9th week of development, 

microvilli begin to form on the apical surface of the ChP, which faces the ventricular cavity. By the 

third stage, around the 17th week, well-defined vascular walls and large blood vessels can be 

observed (17). The development of the ChP signifies the onset of fetal CSF formation. In adults, 

the ChP consists of a monolayer of cuboidal epithelial cells. Adjacent epithelial cells are 

connected by tight junctions, which prevent the paracellular passage of molecules from the 

bloodstream into the ventricles. These tight junctions also contribute to the establishment of 

apico-basal polarity of membrane proteins (18). This barrier is referred to as the blood-CSF barrier 

(BCSFB). In addition to forming a barrier that regulates the movement of molecules and fluids 

across the BCSFB, stromal cells in the ChP also produce trophic factors and contribute to 

immune functions to support optimal brain health during postnatal development and in adult life 

(19–21)(19,20). 

1.3.4 Composition of embryonic and fetal CSF 

Embryonic CSF contains unique markers of neuronal development including markers that 

signal neural stem cells and regulate neurogenesis. eCSF is a protein-rich fluid that changes 

composition during development and between the different chambers of the ventricular 

system(22–24). eCSF contains more than 200 different proteins that are fundamental in cellular 

signaling, growth factors and regulation of osmotic pressure. The complex protein composition 

of eCSF includes the presence of extracellular matrix proteins, transport and carrier proteins, 

enzymes and proteases. The fluids also promote cell survival, proliferation and neurogenesis. The 

major growth factors in the eCSF are transforming growth factor (TGF), insulin growth factor (IGF) 

and fibroblast growth factor (FGF). Bone morphogenic proteins (BMP), a part of the TGF family, 

are involved in the developing brain and promote cell growth, cell proliferation and inhibit 

neuronal death. They regulate neurogenic properties of neural precursor cells during brain 

corticogenesis. BMPs are also important for the specification of CF epithelium, an inhibition of 

which can result in the absence of ChP (25). 

Fetal CSF is primarily produced by ChP and is less rich in protein with respect to eCSF. It 

has a regulated set of growth factors and signalling molecules.  
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1.3.5 Functions of the embryonic and fetal CSF  

One of the well-established functions of CSF in the adult brain is to serve as a protective 

buffer, effectively cushioning the brain from mechanical impacts, which is particularly important 

in infants. CSF provides buoyancy, reducing the brain's weight and assisting in the prevention of 

potential damage caused by gravitational forces. In addition to these protective functions, CSF 

has several other crucial roles that evolve over time to meet the varying needs of the developing 

and adult brain. 

The eCSF contains proliferating pluripotent neuroepithelial cells, which are considered 

neural stem cells. This fluid bathes the neuroepithelial cells in signaling molecules and growth 

factors that stimulate neurogenesis, neuronal differentiation, and synapse formation (4). These 

signaling factors also help regulate pressure within the brain's ventricles. Increased pressure 

within the ventricles appears to be necessary for stimulating neuroepithelial mitosis. Changes in 

CSF dynamics and its composition significantly influence brain development and plasticity, 

including the proliferation of neural progenitors, which affects processes such as learning and 

memory. Overall, CSF is essential not only for its protective functions but also for metabolic and 

developmental processes that are crucial during the early stages of brain growth and maturation 

(26). 

Fetal CSF continues to be produced via the developing ChP facilitating the transport of 

essential nutrients, electrolytes, and metabolites to and from neuronal cells, which is critical for 

supporting the development and functioning of neural tissue and maintaining a homeostatic 

environment. Disruption in the absorption or production of fetal CSF leads to fetal 

hydrocephalus, a well-known medical condition (27)  

1.3.6 CSF egress pathways in the developing brain  

CSF drainage pathways via the arachnoid granulations (AG) or villi (AV) do not appear until 

around 14-24 wk of gestational age (15). Rudimental AG appear at around embryonic 26 week in 

the human and are evident by week 35. However, they may not be functional. Meningeal 

lymphatics in the mice appear just before birth and continue to develop post-natal suggesting 

that alternative drainage routes exist and may be more functional in neonates (28).  

The mechanisms for CSF absorption during the perinatal period in humans is largely 

unknown. In addition to AG, recent research identifies several potential routes for CSF clearance 

in humans, including perineural, paravascular, and meningeal lymphatics (29–32). However, 

when these pathways develop and become fully functional is yet to be understood. It is known 

that AG in humans are not fully formed until 18 months of age (33). In other mammals, lymphatic 
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vessels start contributing to CSF clearance during perinatal brain development. In mice, 

lymphatic structures begin to develop at birth and mature post-natal (28). Clearly, the existing 

evidence indicates that the identified CSF clearance routes in adults may not fully explain CSF 

outflow during early developmental phase. Gaining insight into these early CSF clearance 

mechanisms may be crucial for tackling neurodevelopmental disorders associated with CSF 

dysregulation and could also have relevance for fluid disorders in adults. 

Papaiconomou et al, used constant pressure-perfusion system in 2- to 6-day-old lambs 

and observed that the recovery patterns of a radioactive protein CSF tracer in various lymph 

nodes and tissues indicated that CSF transport occurred through multiple lymphatic pathways 

(29). An especially important route was transport through the cribriform plate into extracranial 

lymphatics located in the nasal submucosa. Suppression of cribriform plate substantially 

impaired CSF drainage was observed suggesting that the lymphatics were essential in neonatal 

CSF transport when AGs are still underdeveloped (29).  

In later life, CSF homeostasis is maintained by collaborative efforts from multiple putative 

players in the brain, including the ChP, the dural lymphatics, leptomeningeal vasculature and 

intracranial pressure (34). An imbalance in the production and absorption of CSF leads to 

pediatric neurological disorders and life-threatening implications in the developing child (35,36).  

1.3.7 Arachnoid granulations 

Arachnoid granulations (AG) are formed from connective tissue derived from the 

leptomeninx. These granulations begin to appear as depressions around the 26th week of fetal 

development. By the 35th week, AG become visible, and by the 39th week, AGs can be observed. 

They continue to mature and achieve functionality roughly 18 months after birth. The number, 

location, and size of AGs can vary with age (15). More recent studies have assessed the number, 

size, and distribution of AGs across a lifespan from birth to 80 years (37). The largest 

concentration of AGs is found in the superior sagittal sinus. In infants aged 0 to 2 years, the 

reported average number of AGs is 0.1 ± 0.3, while this number increases to 1.2 ± 2.5 by age 10. 

Notably, 85% of neonates and 2-year-olds show no observable AGs. Since AGs are hypertrophied 

AV (29), it is important to note that the presence of AV, which are often difficult to visualize via 

MRI, cannot be ruled out. At age 10, the majority of AGs measure below 4 mm, whereas older 

individuals may have AGs measuring up to 15 mm. The same authors note that an increase in the 

number or size of AGs in later life does not necessarily indicate enhanced functionality. They 

suggest that such increases may instead reflect chronic biophysical interactions between CSF 

pressure and surrounding vascular and bony structures, likening these outpouchings to intestinal 

diverticula (Fig 3-1).  
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Figure 1-1 T2 coronal shows a large arachnoid granulation (white solid arrow) abutting 

inside the superior sagittal sinus. Small white arrow shows penetrating cortical arteries. CV= 

cortical vein; SSS= superior sagittal sinus; SAS=subarachnoid space; GM= gray matter and WM= 

white matter. 

  



Chapter 1 

21 

1.3.8 Meningeal layers 

The term "meninges" is derived from the Greek word “meninx,” which means membrane. 

There are three membranes, or meninges, that encase the adult brain parenchyma. The 

outermost layer, known as the dura mater (from Latin meaning "tough mother"), is also referred 

to as the pachymeninx. It consists of two layers: an outer endosteal layer that tightly adheres to 

the bony skull, including sutures and foramina at the base of the skull, and a thinner inner 

meningeal layer (the dura mater proper) (38). The outer layer is thicker and rich in blood vessels, 

particularly veins. These two layers are generally fused together, with the exception of areas that 

contain dural venous sinuses. The second layer of the meninges is the avascular arachnoid 

mater, which gets its name from "arachne", meaning spider. It comprises two layers: the 

arachnoid barrier cell layer, which is in direct contact with the inner dural layer and is separated 

by a virtual space known as the subdural space, and the arachnoid border cell layer (39,40). This 

membrane is composed of collagen and elastic fibers and has two layers (39). Between these two 

layers lies the SAS, which is filled with CSF. The external layer of the arachnoid forms arachnoid 

granulations that project into the dural venous sinuses. A thick basement membrane lies 

underneath the inner portion of the outer arachnoid layer. The inner layer is also called the 

reticular layer (41) It is arranged more loosely with collagen fibers and fibroblasts. A reticular 

mesh of trabeculae traverses the outer layer to reach the inner layer of the arachnoid mater. It is 

between the two layers that the subarachnoid space lies. The SAS contains a complex network of 

connective tissue comprised of collagenous trabeculae, and all major intracranial blood vessels 

traverse this space. 

The innermost meninx is the pia mater, a delicate single cell layer that tightly adheres to the 

surface of the brain, as well as to the glia limitans. Blood vessels in the SAS branch out and 

penetrate the brain parenchyma, accompanied by their perivascular connective tissue and 

perivascular space (PVS). The coverings around the external walls of these penetrating arteries 

are extensions of the pia mater (39). This pial basement membrane contains an ECM made up of 

laminins, collagen IV, heparan sulfate, and proteoglycans (42). Pial cells are joined by tight 

junctions thereby making this layer impermeable to CSF. Pia mater contains lymphocytes and 

mast cells. 

1.3.8.1 Development of meninges 

As the neural tube closes around 5 weeks of gestation in human embryos, mesenchymal 

cells spread and surround the neural tube, starting from the hindbrain and advancing toward the 

forebrain. This structure, known as the primitive meninx or meninx primitiva, serves as the 

precursor to the skull, meninges, and scalp (38). It is noteworthy, that the embryonic origin of the 
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brain meninges is still debated and is likely that both neural crest cells and the mesoderm 

contribute to their development (38). The primary meninx also houses a vascular plexus. It then 

divides into two layers: an outer dense layer and an inner reticular layer, which is considered the 

meningeal mesenchyme. By the sixth week of gestation, this mesenchyme progressively 

differentiates into multiple layers. The outer layer forms the dermis, while the middle layer gives 

rise to the calvarium. Just beneath the calvarial layer, primordial mesenchymal cells separate to 

form the pachymeninx (dura mater) and the leptomeningeal layer (which will become the 

arachnoid and pia mater), with the dural limiting layer marking their boundary. The 

leptomeningeal layer undergoes cavitation at around 44 days, developing into the SAS, which 

forms interconnected trabeculae and cavities that eventually fill with CSF (43). Meanwhile, the 

dura mater becomes progressively vascularized and develops lymphatic vessels in early 

postnatal life (28).  

1.3.8.2 Role of meninges in the developing brain 

The brain meninges are most commonly thought to serve supportive and protective 

functions. Recent work has established the fundamental role of meningeal cells as regulators for 

brain development (44). Meninges form a complex microenvironment that secrete several 

soluble trophic and components of the ECMs (laminins, heparin sulfate proteoglycans, collagen 

IV and fibronectin), to assist in the survival and development of the cortex (45). The meningeal 

cells regulate the migration and positioning of neurons by secreting molecules such as 

chemoattractants CXCL12. CXCL12 promotes the movement of Cajal-Retzius cells along the 

cortical surface (46). Molecules such as BMP4, BMP7 and TGFβ1 secreted by the meninges repel 

cells and regulates migration of cortical neurons. Other important molecules playing critical 

functional roles secreted by meningeal cells include fibroblast growth factors (47), insulin-like 

growth factor II (48) and retinoic acid (49). The meninges regulate generation of neurons (44). 

Meninges are important in the proper development of the corpus callosum. BMP7 produced by 

the meninges inhibits growth of the callosal axons (50). The meninges regulate the development 

of the blood vessels of the brain (51). Injury to meninges is followed by an increase in the 

proliferation rate, increase in expression of progenitor markers and migration (52). 

The pial glial basement membrane (PGBM) plays an important structural role and also 

controls neuronal migration and their positioning. A special population of radial glial cells sends 

out processes centrifugally from the ventricular zone to the surface of the brain for radial 

migration of the neurons providing thus a structural scaffold for the correct positioning and 

migration of neurons (53). The endfeet reach and attach to the pial basement membrane which 

regulates the migration of the neurons.  
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Defects in the meninges can therefore have a profound effect on the brain development 

and has been linked to neurodevelopmental disorders. Cobblestone lissencephaly is one such 

malformation in which defects in the pial basement membrane results in poor development of 

the brain surface.  

1.3.9 Parasagittal dura 

Between the two layers of the dura mater, along the external walls of the superior sagittal 

sinus, lies a variable amount of tissue known as the parasagittal dura (PSD). This structure is 

easily identifiable in all conventional MRI T1 and T2 weighted sequences (Fig. 3-2, 3-3). Recently, 

it has been recognized not only for its significant role in neuroinflammation but also as a potential 

drainage site for CSF from the subarachnoid space. Intrasinus AGs are extensions of the 

arachnoid mater that fuse with the dura mater and project into the dural venous sinuses. Weed 

described arachnoid villi or AGs as “voluminous, delicate, and lace-like sleeves.” Non-sinus AGs 

can be found within the stromal PSD, in the diploë, as well as in the epidural or subdural spaces 

(54).  

In the early 1900s, Weed also observed the presence of lymphatic channels in the dura 

mater, which drain towards the cervical lymph nodes (55). The anatomical characteristics of the 

PSD were first detailed by Fox et al. in 1996 (33). Their dissection of the superior wall, or roof, of 

the SSS revealed several septae, with AGs measuring 1-2 mm observed along the SSS. These were 

found to be small, unilobed spherical pouches in term infants, while they appeared multilobular 

in adults. AGs were also identified at the junction of the cortical bridging veins and the SSS, but 

were noted to be absent in infants and fetal specimens. 

Running parallel to the SSS are tributary veins that converge at their termination into 

lacunar sacs or lacunae lateralis (LL) resident within the PSD. Numerous granulations have been 

observed within these venous lacunae in adults (33)Coronal histological sections of the SSS in 

infants indicated that the PSD is approximately 1-2 mm thick, whereas in adults, it measures 

about 5 mm thick. Multiple channels within the PSD coalesce to form lacunae in its middle third, 

resembling conventional venous LL. These channels are absent in preterm infants but appear in 

those born at or after 37 weeks of gestation, with their numbers increasing with age. These 

intradural channels run superficial to the cortical bridging veins within the PSD and are 

particularly abundant around AGs. They likely conduct CSF, as no thrombus has ever been 

observed within them during postmortem examinations(56). 
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Figure 1-2 The appearance of PSD (white arrow) on a T2-FLAIR coronal image in a 16 yr old M 

with post-operative medulloblastoma a) before and b) after intravenous gadolinium. 

SSS= superior sagittal sinus 

 

 
Figure 1-3 The appearance of PSD on a T2-FLAIR coronal image in a 14 yr old F with mild 

traumatic brain injury a) before and b) after intravenous gadolinium. 

1.3.10 Meningeal lymphatic vessels and clearance of ISF 

Lymphatic fluid in the body originates from the extracellular fluid that enters specific 

lymphatic vessels that lie within body organs except inside the central nervous system (57). 

Lymphatic vessels lie alongside venules and veins and have a well-defined parietal structure. 

Lymph fluid generally contain an ultrafiltrate of plasma proteins and metabolic waste that is a 

combination of the interstitial fluid that contains products of tissue metabolism and catabolism, 

apoptotic cells, cellular debris, and circulating immune cells (58). The fluid reaches pivotal lymph 

nodes where endogenous and exogenous pathogens are presented to immune cells. Maintaining 

optimal lymph role is critical for optimal macromolecule uptake from interstitial fluid, removal of 

cellular debris and immune cell-trafficking. This build and maintain immunologic tolerance, 

immunity to a variety of pathogens and reduce inflammation (59).  

While the first description of lymphatic vessels in the brain was described by Paolo 

Mascagni in 1784, it has only recently been accepted that traditional lymphatic vessels exist 

within the dura mater in animals and human adults (60–65).  
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The development of body lymphatic vessels in mice initiates at day 9.5 which is equivalent 

to 27 days in humans (66) with the coalescence of venous endothelial cells. Subsequent 

processes characterized by sprouting, lymphangiogenesis, further develop lymphatic 

vasculature. Meningeal lymphatic vessels however appear just before birth and continue to 

mature postnatal. These vessels are seen around the foramina of the skull base alongside blood 

vessels and nerves. Meningeal lymphatic vessels grow alongside the jugular veins and enter via 

the jugular foramen towards the sigmoid sinus, the SSS and extends onwards to the anterior 

portion of the sinus. Development of these vessels progresses after birth induced by lymph flow 

(32).  

1.3.11 Development of the brain vasculature  

Primordial islands of angioblasts appear within the leptomeningeal plexus of endothelium-

lined sinusoidal channels at about 24 days of gestation within the meninx primitiva (67). These 

islands progressively become canalized. These channels arise at the skull base and grow towards 

the cerebral convexity in four phases: first, endothelial cells of the leptomeningeal plexus make 

contact with the external basal lamina of the cortex overlying the marginal glial. The cells align 

with the marginal glia and their basal lamina becomes continuous with the cortical basal ganglia. 

Such contact points determine future perforating sites for developing filopodia; second, the 

filopodia derived from the leading endothelium penetrates into the cortex together with the basal 

membranes of the vascular and the cortex to a certain depth (68). The leading cells and the 

endfeet disintegrate leading to filopodia devoid of basal lamina to freely penetrate the neural 

tissue; third, continuous advancement of endothelial cells leads to the formation of anastomosis 

to form a subependymal matrix which provides blood to the germinal matrix. In the latter half of 

the gestation, as the brain continues to expand in surface area and the distance between the 

ventricular wall and the pia mater grows, the newer tissue is supplied by increasing number of 

shorter penetrating vessels to meet the growing demands of the developing cortex (69); fourth, 

proliferation and progressive canalization occurs and creates a new capillary in situ. At the point 

of entry, glial elements surround the cortical capillary wall and a distinct space is identified 

between the vessels wall and the cerebral cortex. Collagen fibers and protoplasmic 

prolongations of leptomeningeal cells fill this shallow space which represents the embryonic 

origin of the Virchow-Robin or PVS.  

By mid-gestation, the leptomeningeal arteries gradually develop the tunica media which is 

robust and well-defined in the vessels at the base with respect to the ones lying over the 

convexity. Leptomeningeal vessels lie within the subarachnoid space between the pia mater and 

the barrier layer of the arachnoid. Smaller branches from these arteries penetrate the pia mater. 

A distinction is made between the striatal and extrastriatal arteries because of their different 
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origins and branching patterns. Striatal arteries arise from the inner arterial circle, circle of Willis 

and supply blood to the thalamus and basal ganglia whereas the extrastriatal arteries are 

branches of the leptomeningeal arteries over the convexity that supply blood to the 

telencephalon. Striatal arteries are ventriculofugal arteries whereas the extrastriatal vessels are 

centripetal (67,70).  

Striatal vessels are clearly discernible by 24 weeks of gestation. The development of the 

tunica media is centripetal in continuity with that of the leptomeningeal vessels. The tunica media 

of the striatal arteries starts to develop earlier in gestation. Extrastriatal arterial trunks arise from 

leptomeningeal arteries and penetrate perpendicularly or at right angles, the surface of the pia 

mater. Some reach the ventricular surface and others divide into smaller capillaries. Branching 

patterns of the striatal vessels are distinct from the extrastriatal vessels. The tunica media of the 

extrastriatal arteries does not develop until the final weeks of gestation. Muscular development 

occurs from the periphery towards to the center.  

1.3.12 Perivascular spaces  

PVS were first noted by the father of French gerontology, Maxime Durant-Fardel in 1843 

(71)He specifically described PVS as “the cavities that lodged dilated blood vessels having 

returned to their normal size after death” and so distinguished them from cerebral lacunes which 

are a result of a pathologic insult to the brain parenchyma. In 1851, Rudolph Virchow, the father 

of modern pathology was the first to provide a detailed description of spaces surrounding the 

outer and middle lamina of arterial blood vessels (72). These findings were later confirmed by a 

French physician Charles-Philippe Robin in 1859 describing detailed information revealed under 

a microscope (73)(73).  

Before the development of MRI, the anatomy of PVS was studied using histological 

specimens viewed under electron microscopy. In 1923, Weed proposed that fluid could freely 

communicate between the subarachnoid space and the PVS surrounding penetrating arterioles 

(55). However, subsequent tracer studies, in which radiolabeled tracers were injected into the rat 

brain parenchyma, detected the tracers within the PVS but not in the bulk CSF (74). This finding 

suggested that interstitial fluid ISF does not drain into CSF spaces but instead follows PVS 

pathways along cerebral vessels. Electron microscopy provides evidence that a single-layer of 

pial cells adheres to the outer wall of the subarachnoid arteriole (75). A thin layer of collagenous 

connective tissue separates the pia layer from the underlying layers of smooth muscle cells in the 

arterial wall. Veins in the subarachnoid space are also covered by a thin layer of pia mater which 

is separated from the endothelium by collagenous connective tissue. PVS are spaces whose 
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outer walls are made up of glia limitans and the PGBM whereas the inner wall is made up of 

adventitial wall of the penetrating arteries and their relative basement membranes(75).  

From an MRI perspective, PVS appear as CSF filled either linear or dot like structures 

within the white matter (WM) and the basal ganglia of the brain (Fig. 3-3). The morphology 

depends on the slice orientation with respect to the main length of the PVS. PVS are usually very 

small and under 3mm in diameter. The presence of PVS must be considered normal in a healthy 

subject, however when large and relatively numerous with neurological conditions, PVS tend to 

represent an indirect marker of neurodegeneration and neuroinflammation (Appendix A).  

 

Figure 1-4  Images of perivascular spaces on T2 weighted images in the centrum semiovale 

(a and b) and in the basal ganglia (c and d).a) axial image showing a bunch of linear and round 

structures (within the red oval figure) in the white matter with a signal intensity similar to 

cerebrospinal fluid and b) coronal image showing an enlarged rounded appearance of a PVS 

(white thick arrow). c) axial image showing a sleeve of CSF filled space around lenticulostriate 

penetrating arteries (black linear structures) and d) coronal image shows lenticulate striate 

branching out of the middle cerebral artery (thick arrow) surrounding by almost virtual CSF 

space or PVS.  
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1.3.13  Extracellular matrix  

In clinical practice, intracranial fluids have traditionally been considered to reside solely 

within the brain vasculature and CSF compartments, with limited attention to ISF. However, ISF 

represents the largest fluid compartment within the brain tissue. It occupies approximately 15-

20% of the adult brain parenchyma, which in a 1400mL adult human brain is approximately 

280mL of ISF (76). This percentage is higher in neonates and drops to adult levels with continuous 

processes of neurogenesis, gliogenesis and myelinogenesis over the first few years of life. ISF and 

CSF are not entirely separate; they intermingle at the tissue level, contributing to fluid and solute 

exchange across compartments. ISF serves as a vital medium for the exchange of solutes, gases, 

and metabolic waste (77). The ISF volume changes with age, brain region, hydration status, and 

in various disease states such as ischemia and traumatic brain injury (77,78). With aging, the ECS 

and ISF volumes increase as neurons and glia degenerate. The ISF circulates through the ECS, 

which lies between neurons and glial cells and is structured by the ECM. The ECM provides an 

architectural framework for the ECS and is essential for maintaining brain homeostasis (79).  

The ECM is composed of several valuable proteins, including glycosaminoglycans (such as 

hyaluronic acid), chondroitin sulfate proteoglycans, link proteins, tenascins, laminins, 

fibronectin, collagens, and matrix metalloproteinases (79,80). These proteins constitute the 

structural backbone of the ECS, providing stability, regulating synaptic plasticity, and modulating 

cellular adhesion. The ECM also plays a key role in remodeling the ECS after injury and supporting 

blood vessels. The ISF within this matrix facilitates the diffusion of essential molecules, including 

neuropeptides, neurotransmitters, and nutrients, while also enabling the removal of metabolic 

waste and toxic byproducts from the brain parenchyma (81). The ECM is a complex and dynamic 

network of molecules that fills the space between neurons and glial cells in the CNS. In the adult 

brain, the ECM is compact, stable, and rigid to support mature neural circuits and maintain tissue 

integrity. It is restrictive to change, has a stable level of hyaluronic acid, and presents prominent 

perineuronal nets around adult synapses (82). Perineuronal nets are specialized structures rich 

in chondroitin sulfate proteoglycans that envelop the soma and proximal dendrites of specific 

neurons. They play a key role in regulating neural plasticity, particularly during the critical period 

of development, when synaptic connectivity is at its peak (83). 
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1.3.14  Extracellular matrix in the developing brain 

The ECM in the developing brain differs from that in the adult brain but serves foundational 

roles similar to those of the adult ECM in supporting and guiding neural cells. The difference in its 

composition, organization, and functional properties reflect the changing needs of the brain from 

a highly plastic, developing organ to a more stable, mature system (84,85). The developmental 

ECM is more dynamic and permissive for growth and remodeling. It has a higher quantity of 

hyaluronic acid and is looser in structure. The several components of the ECM in the developing 

brain facilitate cell migration, axonal growth, synaptogenesis and promotes neurogenesis. During 

neurulation, or early neural tube development, the neural plate and mesoderm are tightly 

connected and guided by laminin and fibronectin (86). During the later phase of neural 

development, ECM proteins regulate the neocortical size, radial glial migration and cortical 

folding. It has been shown that disruptions in the development of ECM proteins will lead to 

neurodevelopmental disorders such as ASD (87,88). Proteoglycans in the developing brain are 

less abundant with respect to adult brain. They are however critical in the processes of 

neurogenesis, gliogenesis and neuronal migration and are present in sites of rapidly developing 

areas (84). The percentage of water in the brain parenchyma differs between neonates and adults.  

At birth, term infants typically have around 88% brain water by wet weight, which declines to 

≈ 85% by 6 months of age (89) (90) (91). Across major brain regions, water content remains in the 

mid-80% range in infants—slightly higher in cortical areas vs. cerebellum. The rapid decrease in 

water content occur in the first two years postnatally which is also the period of rapid growth spurt 

(92). This significant difference reflects the developmental stage of the brain and the higher 

plasticity and metabolic activity in neonates. With development into adulthood, the proportion of 

water in the brain decreases as the brain matures and undergoes changes in cellular composition 

and myelination. Myelination is a process that occurs once the both neuronal and glial cell 

populations have developed and this occurs during the later phase of gestation and continues 

post-natally. Myelin is mainly composed of cholesterol and other lipids which are hydrophobic. 

From an MRI perspective, changes in water content in the white matter and the gray matter tissue 

can be observed by ADC maps and T1, T2 weighted images. Rapid changes in signal intensity are 

observed in both white matter and the gray matter as myelination continues to occur and the 

brain tissue appears more compact. 
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1.4 Glymphatic system in the developing brain 

Using an in vivo two photon microscopy technique, Iliff et al., demonstrated that 

fluorescent dextran tracers injected into the cisterna magna rapidly moved along paravascular 

spaces surrounding arteries, penetrating deep into the brain parenchyma within 30 minutes in 

live mice (93). Smaller tracers (e.g. 3 kD dextran) diffused into the interstitium, while larger tracers 

(e.g. 2000 kD dextran) remained confined to perivascular corridors, indicating size‑dependent 

distribution barriers. After exchange in parenchyma, through aquaporin-4 (AQP4) water 

channels—normally located on the perivascular endfeet of astrocytes— interstitial solutes travel 

toward paravenous spaces, eventually exiting into CSF compartments or systemic circulation via 

AGs and meningeal lymphatics (64). They also demonstrated that in mice lacking AQP4, the 

clearance of tracers from the interstitial space was significantly impaired. This finding highlighted 

the crucial role of astrocytes in brain solute clearance and led to the naming of this pathway as 

the glymphatic system. The glymphatic system has been extensively examined in a variety of adult 

neurological disorders and it is widely accepted to play an essential role in the development of 

neurodegenerative diseases such as Alzheimer’s disease.  

Serial MRI examinations conducted after the intrathecal administration of gadolinium-

based contrast agents have significantly advanced our understanding of the glymphatic system 

in vivo within the adult human brain (94). Following injection of gadolinium into the lumbar thecal 

sac, the contrast agent in CSF, is observed to reach the cranial SAS within several hours, 

subsequently entering the brain parenchyma. This observation confirmed the movement of CSF 

and solutes through an extravascular pathway into the parenchyma, perhaps via PVS (95). The 

same group also showed that patients with normal pressure hydrocephalus retained gadolinium 

in the brain parenchyma for a longer time with respect to healthy adults, indicating that the 

glymphatic system is compromised under pathological conditions (96). Additionally, the 

intrathecal gadolinium introduced into the cranial SAS is also detected in the PSD, where 

meningeal lymphatics have been identified, suggesting the CSF along with solutes enters PSD 

(97). The role of PSD has evolved in the recent years and is likely to serve as a neuroimmune hub 

for immunesurvellaince in addition to facilitating CSF drainage from the SAS (98,99).  

The glymphatic system in the developing brain is an emerging area of research with 

significant implications for understanding brain maturation, waste clearance, and early 

neurological health. While the glymphatic system is well studied in adults, especially in the 

context of aging and neurodegeneration, its function during development is less understood but 

increasingly recognized as important. The glymphatic clearance depends on polarized AQP4 

expression in astrocytes, which emerges gradually during late gestation and postnatal life, 

particularly over the first few weeks to months (100). AQP4 channels are first detectable at around 
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14 weeks gestational age in the archicortex, and appears in the neocortex ~6–7 weeks later. By 

term in human babies, AQP4 channels are detectable in perivascular astrocyte endfeet, at the 

ventricular wall, pial surface, and around developing capillaries (101). In humans, AQP4 

expression begins as early as 13 weeks of gestation in the hippocampal archicortex and expands 

to the neocortex by around 25 weeks (102). This spatial pattern aligns with the anatomical 

establishment of glymphatic structures, suggesting that the scaffold for glymphatic flow is 

present before birth. However, functional glymphatic activity—dependent on the polarized 

localization of AQP4 to astrocyte end-feet—appears to mature later, particularly after birth, as 

shown in rodent models (103). In mice, AQP4 becomes polarized by postnatal day 3 and 

continues to increase in expression and organization through early life, coinciding with improved 

glymphatic flow (104). Disruptions to AQP4 development, such as neonatal stress, can impair 

this system long-term, reducing brain waste clearance efficiency into adulthood (105). These 

findings indicate that the neonatal period is critical for establishing glymphatic competence and 

that AQP4 is a crucial molecular gatekeeper of this system’s maturation (106).  

During the first two years of life, the mechanisms of brain water and solute clearance—

including CSF and ISF drainage pathways—are not yet fully mature (107). While adult brains 

utilize multiple well-established routes (e.g., arachnoid villi, perineural routes, meningeal 

lymphatics, and the glymphatic system), these pathways develop postnatally and undergo 

significant remodeling during infancy. Arachnoid granulations are rudimentary at birth and 

become prominent only later in life (37,108). The meningeal lymphatics appear to be functionally 

immature at birth, maturing over the first postnatal year in rodents and likely later in humans (28). 

Therefore, given that brain water content decreases significantly (~88% to ~78%) during the first 

two years, yet the mature drainage systems are not fully operational, how water efflux is achieved 

remains incompletely understood.  

It is suggested that alternative pathways for CSF drainage such as perineural pathways may 

be more active in the child (107). The most prominent route for CSF efflux from the SAS in 

neonates and early infancy appears to along cranial nerves, especially the olfactory nerves (via 

the cribriform plate) and optic and vestibulocochlear nerves. These pathways drain into nasal 

lymphatics, deep cervical lymph nodes, and extracranial tissues. Animal and limited human 

studies show high reliance on these routes in the absence of mature arachnoid villi (109,110). 
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1.5 Intramural periarterial drainage pathway in the developing brain 

The IPAD refers to the movement of interstitial fluid and solutes (including potentially toxic 

substances like amyloid-beta) along the BM of arteries in the brain (74). ISF containing waste 

products drains along the BM of capillaries and arteries. This drainage moves in the opposite 

direction to blood flow - from the brain parenchyma outward, through the walls of cerebral 

arteries. The solutes are transported through the smooth muscle BMs of these arteries and 

eventually reach the cervical lymph nodes, outside the brain (111). The pumping action of the 

vascular smooth vessels, also called vasomotion, is the primary driving force for ISF and solute 

removal along IPAD (112–114). IPAD is one of the primary mechanisms by which amyloid-β —a 

protein implicated in Alzheimer’s disease—is cleared from the brain. It is also implicated in the 

removal of amyloid beta in cerebral amyloid angiopathy (115–117).  

Very little research has directly investigated IPAD during early development or neonatal 

stages specially in the human species. IPAD depends on well-formed BMs, vascular smooth 

muscle cell maturity, vasomotion and neurovascular coupling—features that are still under 

development in utero and postnatally. Therefore, while the anatomical components of IPAD start 

forming in early development, its efficiency maybe less in neonates and infants until vascular 

maturation, gliogenesis and neurovascular regulation are complete. But this remains to be 

empirically demonstrated.  

The BM is a specialized ECM that plays a critical role in vascular integrity, BBB formation, 

and neurovascular unit function (118). Vascular BM maturation in the developing human brain 

refers to the structural and molecular changes that occur in the BM of cerebral blood vessels 

during brain development. The major ECM proteins that constitute the BM are collagen IV, 

laminin, nidogen and perlecan which are synthesized by pericytes, endothelial cells and 

astrocytes (119). In rats, astrocytes continue to proliferate reaching final adult numbers rapidly 

by the first few postnatal weeks (120).  Studies show BM elements such as laminin and agrin are 

well expressed at birth, but astrocyte-endothelial interactions and BM refinement continue 

through the first 2–3 postnatal weeks in rodents, corresponding to early infancy in humans 

(121,122). In the developing mouse, vascular BMs in the brain mature structurally and 

functionally starting prenatally and continuing postnatally (123). Both pericytes and astrocyte 

development are key in the formation of BMs (124). The growth of cerebral vasculature continues 

to occur post-natally and parallels the development of nerve tissue (125) (126). Knockout mice 

models have revealed the importance of these proteins in the development of BM and the BBB 

(127). BM density and thickness increase progressively during infancy, driven by secretion from 

endothelial cells, pericytes, and eventually astrocytes. Specific mutations in genes that code for 
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collagen IV, laminins, nidogen and perlecan can lead to various degree of consequences such as 

vascular defects, BBB disruption, intracerebral hemorrhage and embryonic death (127).  

In premature babies the vascular BM is thinner, less well-organised and often incomplete. 

The major BM components, laminin, collagen IV, perlecan are expressed at lower levels 

compared to full term neonates. The astrocytes are lesser in number and the BBB is immature 

(8). Since gliogenesis, neurogenesis, vascular development, synaptogenesis all occur in a well-

orchestrated manner in utero and postnatal, newborns and infants are particularly vulnerable 

due to immature BBB, poor vascular smooth muscle contractility and ischemia (125,128). In 

addition, immature hemodynamics, lower arterial pulsatility will also affect IPAD in the young 

developing brain. Although empirical, there is strong reason to believe that the efficiency of IPAD 

and glymphatic system is poor in early stages of human life. Understanding this pathway in the 

developing brain may provide further insights into neurodevelopmental disorders and potential 

early-life risk factors in neurological disorders.  

1.6 Autism spectrum disorder as a model of altered CSF circulation  

1.6.1 Overview  

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized 

by restricted and repetitive stereotypical behaviors, verbal and non-verbal communication 

deficits and lack of social skills according to the Diagnostic and Statistic Manual V  (DSM-V) (129) 

(Appendix B). It was first coined in 1911 by a German psychiatrist Eugen Bleuler who described 

autism as a subject’s “inner life” which is not accessible to observers (130). Developmental 

disruption may occur in critical phases causing shifts, extension or disruption of such periods 

leading to difficulty in sensory processing, social bonding and language acquisition. Both 

inherited genetics and environmental factors, such as those associated with prenatal maternal 

environment, interact in a complex manner and contribute to ASD (131). Maternal factors such 

as obesity, infection during pregnancy, diabetes mellitus, use of antibiotics are some of the 

factors implicated that can hinder development during critical phases of fetal life specially in 

genetically susceptible individuals (132). Exposure to pollutants and pesticides may also 

Potential pathways of disruption are dysregulation of the immune system, oxidative stress and 

gut-microbiome interactions (133,134). 

1.6.2 Neurodevelopmental hypothesis 

The neurodevelopmental hypothesis views ASD as a disorder of brain development, where 

early disruptions in neurogenesis, synaptogenesis, and circuit formation lead to the behavioral 
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symptoms of autism. It integrates genetic, molecular, and systems-level evidence to explain how 

early differences in the brain can result in the diverse and complex features of ASD (135). Children 

with ASD may show increased brain volume reflecting excessive proliferation of neurons, 

abnormal perfusion and delayed pruning. Abnormal genes such as SHANK3, NRXN1, NLGN3/4 

are involved in synaptic structure and signaling, pointing to altered excitatory/inhibitory balance 

in the brain (136). Functional and structural MRI studies have suggested abnormal connectivity 

and brain growth volume anomalies identifying patterns that may explain the intense focus on 

details and difficulty integrating social or contextual information (137,138). In addition, 

environmental risk factors may interact with genetic susceptibility during brain development 

leading to the formation of aberrant neuronal and glial connections.  

1.6.3 Neuroimmunological hypothesis 

The neuroimmunological hypothesis suggests that immune system disturbances—

particularly during critical periods of brain development—can disrupt neural circuits and lead to 

the behavioral and cognitive features of ASD (139). This perspective does not negate genetic or 

other environmental contributions but highlights the immune system as a key mediator between 

genetic susceptibility and environmental exposures (140). Several levels of immunological 

anomalies, both cellular and humoral immunity, have been described in ASD. Elevated levels of 

pro-inflammatory cytokines (like IL-6, TNF-α, and IL-1β) have been found in the blood, 

cerebrospinal fluid, and postmortem brains of individuals with ASD (141–143). These cytokines 

can influence neurodevelopment, synaptic pruning, and brain connectivity (144,145). Maternal 

autoimmune response to fetal antigens may cause microglial activation affecting synaptic 

function and connectivity (146). Environmental pollutants such as pesticides also play a role in 

neurodevelopmental disorders (147). Other exogenous factors that affect neuronal development 

are related to maternal risk factors such as obesity, autoimmune disorder, diabetes, and 

infections (146). The underlying pathways of these risk factors remain uncertain, with varying 

levels of evidence implicating immune dysregulation, mitochondrial dysfunction, oxidative 

stress, gut microbiome alterations, and hormonal disruptions.   

Genes involved in immune function (e.g., major compatibility complex, complement 

system, cytokine genes) may increase susceptibility to ASD in the presence of environmental 

triggers (148). Both genetic susceptibility and a cascade of neuroinflammatory response to 

external stress triggers appear to result in early onset of behavioral abnormalties. Many of these 

processes may start at the fetal stage and during the entire gestational period.  

Several neuroradiological abnormalities have been identified in children with ASD. 

However, most qualitative findings are non-specific and inconclusive for diagnostic purposes. 
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Reported abnormalities include aspecific signal changes in white matter, enlarged PVS, 

anomalies in the corpus callosum, increased volume of SAS, cerebellar abnormalities, and 

associated Chiari malformations, along with alterations in cranial volume when compared to 

healthy controls (149). While these changes are indicative of underlying pathologic processes, it 

remains uncertain whether they serve as markers of neurodevelopmental processes or are linked 

to ongoing neuroinflammatory activity (150).  

A more consistent MRI finding is that children with ASD have an increase in CSF volume and 

in particular the extra-axial CSF (ea-CSF) is larger in ASD than in typically developing children 

(151). This has also been suggested as a possible marker in infants who are at a high risk of 

developing ASD in the first two years of life (152). Garic et al., also recently provided evidence that 

ea-CSF is directly related to the presence of enlarged PVS in neonates and infants (153). 

With our current understanding of CSF dynamics and its relationship to ISF, PVS, and 

meningeal lymphatics, ASD presents a valuable model for investigating altered CSF circulation. 

The current work is focused on quantifying PVS and PSD and examining their correlation with CSF 

volume and disease severity.  
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Chapter 2 Paper 1: Cerebral Vessels: An Overview of 

Anatomy, Physiology, and Role in the 

Drainage of Fluids and Solutes.  

 

This chapter is the Accepted Manuscript of the published version that appears in its final 

form in Frontiers in Neurology. The full reference is: Agarwal N and Carare RO (2021) Cerebral 

Vessels: An Overview of Anatomy, Physiology, and Role in the Drainage of Fluids and Solutes 

Front. Neurol. 11:611485. The text, spelling, and references for this paper are original as in the 

published article, while the formatting has been slightly modified to improve readability.  To 

access the final edited and published work see DOI: 10.3389/fneur.2020.611485” (111) 

   



Chapter 2 

37 

Abstract  

The cerebral vasculature is made up highly specialized structures that assure constant 

brain perfusion necessary to meet the very high demand for oxygen and glucose by neurons and 

glial cells. A dense, redundant network of arteries is spread over the entire pial surface from 

which penetrating arteries dive into the cortex to reach the neuro vascular units. Besides 

providing blood to the brain parenchyma, cerebral arteries are key in the drainage of interstitial 

fluid (ISF) and solutes such as amyloid-beta. This occurs along the basement membranes that 

surround vascular smooth muscle cells, towards leptomeningeal arteries and deep cervical 

lymph nodes. The dense microvasculature is made up of fine capillaries. Capillary walls contain 

pericytes that have contractile properties and are lined by a highly specialized blood brain barrier 

that regulate the entry of solutes and ions and maintain the integrity of the composition of ISF. 

They are also important for the production of ISF. Capillaries drain into venules that course 

centrifugally towards the cortex to reach cortical veins and empty into dural venous sinuses. The 

walls of the venous sinuses are also home to meningeal lymphatic vessels that support drainage 

of cerebrospinal fluid (CSF), although such pathways are still poorly understood. Damage to 

macro and microvasculature will compromise cerebral perfusion, hamper the highly 

synchronized movement of neurofluids, affect drainage of waste products leading to neuronal 

and glial degeneration. This review will present vascular anatomy, their role in fluid dynamics and 

a summary on how their dysfunction can lead to neurodegeneration.  
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 Introduction 

Damage to cerebral vasculature and reduction in cerebral perfusion initiates a cascade 

of events that rapidly leads to disturbed cellular homeostasis and death of neurons and glial cells 

(154). Cerebral arterial network of vessels is unique in its anatomy and its flow dynamics is 

inextricably intertwined with those of other fluids such as venous blood, cerebrospinal fluid (CSF) 

and the interstitial fluid (ISF) (155,156). Emerging evidence regarding the role of cerebral 

vasculature in the drainage of solutes and fluids, adds to the complexity of the overall interaction 

with neurofluids.  

The arteries of the brain have a dual function: to supply oxygenated blood to neurons and 

glia and to drain ISF. Neurons and glial cells are constantly “at work”, even during rest, and this 

very high demand for oxygen and glucose requires a steady supply of oxygenated blood. 

Histological and tracer studies reveal the intricate relationship of cortical arteries with meningeal 

sheaths and the constitution of perivascular compartment and spaces, that provide a pathway 

for inflow and outflow of ISF (69,74,75). Cerebral capillaries are considered important sites of 

CSF and ISF production and absorption. Capillaries drain into venules that are hierarchically 

organized and run centrifugally towards the cortex. All venous drainage occurs through dural 

venous sinuses that drain towards the neck veins. The walls of dural venous sinuses are also 

home to meningeal lymphatic vessels (65,157), with a role in the drainage of CSF. In this review, 

a brief overview of the current evidence for the anatomy and function of vessels in the brain will 

be provided, followed by a summary of mechanisms of interaction of what we term “neurofluids”: 

blood, CSF and ISF (155). A disruption of such mechanisms will trigger a series of pathological 

events such as microvascular injury, failure of ISF drainage, local deposition of amyloid-beta as 

cerebral amyloid angiopathy (CAA), focal ischemia and demyelination.  

The arterial and capillary systems 

The brain parenchyma is supplied by two internal carotid arteries (ICA) and two vertebral 

arteries (VA). The ICA enters the skull-base through the carotid canal, located in the petrous 

portion of the temporal lobe. It pierces through the dura mater at the level of the cavernous sinus 

and bifurcates within the subarachnoid space (SAS) into middle cerebral arteries and anterior 

cerebral arteries. The ICA carries approximately 80% of the total blood to the brain. The vertebral 

arteries enter the vertebral foramina at the level of C6, they exit out of C1 foramina, loop around 

the posterior arch of the atlas as they enter the foramen magna and lies on the ventral surface of 

the brain stem to form the basilar artery (BA). The BA terminates into two posterior cerebral 
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arteries. The anterior (ICA and its branches) and the posterior circulation (VA and its branches) 

arteries come together at the base of the skull to form the circle of Willis that lies in the cisternal 

space (158).  

A rich, anastomotic network of leptomeningeal arteries spreads over the pial surface 

from which numerous branches (arterioles) sprout out and pierce the glia limitans to dive into the 

cortex at approximately right angles to it. From a structural point of view, both pial arteries and 

penetrating arterioles lack an external elastic lamina but leptomeningeal arteries retain an 

internal elastic lamina (159) The gray matter (GM) has a larger number of arterioles with respect 

to those in the white matter (WM) with a ratio of 8:1, which is proportionate to the elevated energy 

demand of the more cellular GM (160,161). Penetrating arterioles are completely encased by a 

sheet of pia mater which reflects off the cortical surface separating them from the surrounding 

SAS and from the brain parenchyma (75) (Fig. 2-1). However, around the perivascular 

compartment of the arterioles in the WM, there are two such sheaths, creating a potential space 

for the accumulation of edematous fluid (162). At capillary level, direct observations under the 

electron microscope in a variety of species reveal that the basement membrane of the pial 

sheath and the basement membranes of the astrocytes (glia limitans) fuse together to create a 

perivascular compartment, or periarterial space, filled with extracellular matrix which is not 

continuous with the SAS (75,163) and referred to as the “perivascular space” (PVS) (Fig.1). 

Indeed, PVS, or more appropriately the periarterial spaces, are not visible within the cortical GM 

even under pathological conditions whereas they are seen in the WM both in histological 

specimens and on neuroimaging (162,164). Changes in the walls of capillaries and arterioles 

associated with ageing, hypertension or diabetes mellitus lead to small vessel disease (SVD) and 

vascular dementia (165,166).  

 

Figure 2-1  Diagrammatic summary of the structure of an arteriole in the grey matter.The 

endothelium hosts the blood brain barrier. There are several layers of smooth 
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muscle cells separated by basement membranes. The adventitial leptomeningeal 

sheath has its own basement membrane that fuses with the basement membrane 

of astrocyte end feet, to form a perivascular compartment, or perivascular space. 

Diagram drawn by Marco Fanuli. 

Pial surface arterial network are richly innervated by sympathetic nerves from the 

superior cervical ganglion, sphenopalatine, otic and trigeminal ganglia that release several 

neurotransmitters and neuromodulators such as vasoactive intestinal peptide, nitric oxide 

synthase, acetylcholine, norepinephrine and substance P (167). This innervation also termed 

“extrinsic” innervation ends in the pre-capillary segment and more precisely where the PVS 

terminates. The extrinsic innervation is primarily responsible for a prompt myogenic response to 

temporary pressure differences. According to Poiseuille’s law, a change in radius directly affects 

resistance to flow to the fourth power, thereby modulating blood flow instantly and efficaciously 

(168). Intraparenchymal arterioles are innervated by nerves arising from the nuclei of basal 

forebrain such as the locus coeruleus, nucleus basalis of Meynert and raphe nuclei in the brain 

stem that release norepinephrine, acetylcholine and 5-hydroxythyrosine as well as other 

neuropeptides  either directly to the walls of capillaries or indirectly via local interneurons and 

astrocytes (167,169).  Such nerve endings are likely to control intrinsic spontaneous contractile 

activity of VSMC in the tunica media, also termed “vasomotion”.  Vasomotor oscillations form 

the basis of ultra-slow 0.1Hz wave activity in the microvasculature independent of neuronal 

activity (170,171).  

A dense capillary anastomotic network characterizes the GM and varies with its depth 

(172). About 50-60% of total blood volume is within the capillaries (172). Capillary walls are made 

up of a single layer of endothelial cells, pericytes and a basal lamina made up of collagen type 

IV, heparan sulphate proteoglycans, laminin, fibronectin, and other extracellular matrix proteins, 

in various proportions and with different isoforms depending on the type of vessel (173–

175)(173,174). The endothelial cells are bound together by tight junction proteins such as 

claudins and occludins, creating a highly regulated blood brain barrier (BBB) that restricts 

transcellular flux of ions and hydrophilic solutes shielding the internal parenchymal milieu from 

even the slightest fluctuations in the osmolarity of surrounding tissues and blood plasma 

(176,177). The endothelium contains a spectrum of receptors essential for the entry and efflux of 

peptides, such as low density lipoprotein related protein-1 (LRP-1) or ATP-binding cassette 

transporters which are essential for the efflux of soluble amyloid-beta from the brain 
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parenchyma (178). The abluminal surface of the capillaries is continuous with astrocytic end-

feet (or glia limitans), containing aquaporin-4 (AQP4) water channels.  

The venous system 

The parenchymal microvasculature drains deoxygenated blood centrifugally from the 

ventricular ependymal surface towards the cortical pial surface, via medullary venules and veins 

that are arranged hierarchically and centrifugally from the ventricular ependymal wall towards 

the cortex (179). Large cortical bridging veins, such as the vein of Labbè and the Trolard vein, 

empty into the superficial dural venous sinuses (180). The SSS subdivides into right and left 

transverse sinus and continues directly via sigmoid sinuses into the internal jugular veins, 

extracranial neck vessels and the intra- and extra-spinal venous plexi, conveying deoxygenated 

blood to the right atrium (181–183). Deep internal veins form the inferior sagittal sinus, the vein 

of Galen and the straight sinus to drain into the SSS posteriorly. Anteriorly venous drainage 

occurs through the cavernous sinus, sphenopetrosal sinuses and sigmoid sinuses. Several 

anatomical variations exist, and veins can vary in number, size, symmetry across hemispheres 

and also in their extracranial venous drainage patterns, adding to the complexity of the cerebral 

venous system (184). It is important to note that dural venous sinuses are valveless making 

cephalad, retrograde flow possible in cases of obstruction to downward flow (185).  

Surrounding each parenchymal arteriole are eight venules (69). Venules typically have a 

larger lumen area and a thinner vessel wall with respect to arterioles (186). Exiting venules in the 

cortex are surrounded by an incomplete layer of pia mater (75).  Paravenous spaces 

communicate with the SAS directly. The first reports of the presence of lymphatic vessels in the 

dura mater were reported in 1787, while histologic evidence of their existence was provided 

much later (187). More recently lymphatic channels were described lining the dural venous 

sinuses that appear to be additional routes for the drainage of fluids and cells towards the deep 

cervical lymph nodes  (65,157). Lymphatic channels are also found in the cribriform plate that 

drain fluids, cells and solutes via nasal lymphatics towards the superficial cervical lymph nodes 

(188).  

The production and drainage of cerebrospinal fluid and interstitial fluid 

Our classic understanding of CSF fluid production and absorption is being challenged as 

new evidence suggests that CSF production also occurs at other sites such as the capillary 

endothelial surface, as formulated by the Bulat-Klarica-Orešković hypothesis (189). Almost 80% 

of CSF is secreted by fenestrated capillaries in the choroid plexi at a rate of approximately 0.3-
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0.4ml/min for a total production of 430-580ml daily. CSF secretion across the blood-CSF barrier, 

depends on hydrostatic and osmolarity gradients that exist between the plasma and the 

intraventricular CSF fluids. CSF is made up of 99% water, some ions and negligible quantities of 

proteins and glucose. Arachnoid granulations found in the dural venous sinuses are traditionally 

recognized to play a prime role in CSF reabsorption. However, the contemporary presence of the 

meninx primitiva and the lack of arachnoid granulations in the fetus suggests that there must be 

alternative routes for its absorption (188,190).  

There are multiple sources of ISF production such as filtration across the capillaries via 

the development of hydrostatic and osmotic pressures across the endothelium, secretion 

through choroid plexi and cellular metabolism (108,191). ISF fills the extracellular or interstitial 

space (ECS). This space contains extracellular matrix (ECM) which is made up of 

glycosaminoglycans, glycoproteins (e.g. laminins, collagen, chondroitin, fibronectin) and 

proteoglycans (e.g. hyaluronic acid, heparan sulfate). Such an environment determines a 

negatively charged ambient necessary for cellular communication, volume transmission, 

immunosurveillance and a binding capacity for solutes to be transported around brain areas. 

ECS occupies around 15-20% of the total brain volume and this volume can change in 

physiologic and pathologic conditions such as sleep, under anesthesia and stroke (192–195). ISF 

is also the primary fluid medium for waste removal, however the presence of BBB notably 

restricts movement of proteins across the capillaries, which suggested that there must be 

alternative pathways. Bulk flow of ISF through the brain parenchyma was proposed as a route to 

flush out waste products and fluids towards the ventricular ependymal walls (196). In the past 

decade, multiple waste clearance pathways have been characterized in the brain: the 

glymphatic pathway, intramural periarterial drainage pathway (IPAD), flow along cranial nerves 

and meningeal lymphatics along the dural venous sinuses (74,93,190), still extensively debated 

(197,198). The glymphatic system proposes that CSF from the SAS, recycles along the para-

arterial spaces and enters the brain tissue via astrocytic AQP-4 water channels. CSF intermingles 

with ISF which flows towards paravenous spaces via bulk flow thus flushing out fluids and 

solutes from the brain (3,199). However, diffusion rather than bulk flow may be the likely principal 

mechanism for flow with an unclear role for AQP-4 channels (191,200–203). Also, the 

mechanism of unidirectional CSF flow along intraparenchymal para-arterial spaces remains 

debatable as arterial pulsations alone do not determine such flow (204).  Furthermore, the 

glymphatic hypothesis does not explain why in CAA, the deposition of proteins occurs in the 

tunica media of arterioles and arteries, spreading to occupy the whole of the arterial wall and 

rarely involves veins (117,205,206). 
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On the other hand, tracer injection studies in animal brains have unequivocally 

demonstrated that one important route for ISF and solute removal is the intramural periarterial 

drainage pathway (IPAD). For decades, perivascular compartments have been considered to 

play a fundamental role in removal of waste products (187,207,208). According to this 

mechanism, fluids and waste products flow within the basement membranes of arterioles and 

arteries in the opposite direction to arterial blood flow within their lumen and is primarily driven 

by vasomotion (112,114,209,210). The ultra-slow frequency oscillation (< 0.1Hz) appear to be 

critical to clearance of solutes. Electrophysiologically observed slow wave oscillations 

characteristic of sleep are intricately associated with large CSF flow oscillations suggestive of 

vasomotion driven clearance of CSF and thereby of solutes and supportive of IPAD pathways of 

clearance (211).  

Neurofluid physiology:  

To understand the interaction between the several space-competing compartments 

within the cranium, we must remind ourselves of the Monro-Kellie hypothesis which remains a 

cardinal principle in the understanding of fluid movements (212). This hypothesis maintains that 

since the brain contents are enclosed in a non-expandable bony skull, the total brain volume 

must remain constant at all times to avoid dangerous increase in ICP (213). However, the recent 

discoveries of meningeal lymphatics and the understanding of mechanisms for brain waste 

clearance mechanisms, it has become necessary to revisit the original Monro-Kellie doctrine 

(214). With every systole, an increase in arterial pressure pumps approximately 700ml of 

oxygenated blood causing inflation of arteries, arterioles and the microvascular bed (215). This 

expansion of vessels will squeeze ISF and CSF from the interstitium and promote flow. The 

creation of a pressure gradient between the cranial SAS and the spinal SAS, will cause 

displacement of CSF towards the spinal SAS and facilitate venous outflow towards the 

extracranial neck vessels (156,216). During diastole, as the elastic vessels relax, CSF flows back 

with little net forward displacement. Such pulsatile forces will also create variable magnitude of 

brain tissue deformation, generating additional forces affecting blood flow, production and 

absorption of ISF and CSF. The intrinsic viscoelasticity of the brain, or brain compliance, is the 

capacity of brain tissue to deform in conditions of intracranial pressure changes. Such 

mechanical and viscoelastic properties vary in different brain regions and depends on cellular 

morphology, capillary distribution, the compactness of white matter axons, their orientation and 

ECM composition (217). These properties are different both at a macroscale (WM is stiffer than 

GM) and at a microscale (cortical GM is stiffer than hippocampal GM; WM in the corpus callosum 
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is stiffer than WM in the corona radiata) (217). WM is three times stiffer than GM accounting for 

differential response to compression load (218). Physiologic rheological properties of the brain 

can be measured in-vivo by magnetic resonance elastography (MRE) (219,220). Thus, in one MRE 

study, the compression of internal jugular veins in the neck was shown to increase CSF pulsatility 

in the brain but also to increase stiffness within the brain parenchyma in accordance with the 

Monro-Kellie doctrine (220).  

 

Figure 2-2 Schematic representation of the IPAD and convective influx/glymphatic systems of 

the brain. An artery enters the brain from the subarachnoid space and an arteriole divides 

into capillaries. At the top of the figure, the artery is lined by endothelium (Endo), and coated 

by the tunica media (TM) composed of smooth muscle cells and by the outermost tunica 
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adventitia (TA) composed of connective tissue. As it enters the brain, the artery loses the 

tunica adventitia but is still coated by a layer of pia-arachnoid (Pia) that intervenes between 

the artery and the glia limitans (GL) of the brain. As the arteriole divides into capillaries, the 

tunica media and the layer of pia mater are lost. Thus, at the level of the capillary, the glia 

limitans is in direct contact with the wall of the capillary. On the right-hand side of the 

diagram, the red arrows indicate the intramural perivascular lymphatic drainage pathway 

by which interstitial fluid (ISF) and solutes pass out of the brain along basement membranes 

in the walls of capillaries and along basement membranes surrounding smooth muscle 

cells in the tunica media of arterioles and arteries. Tracers in the CSF enter the brain along 

the pial-glial basement membrane between the pia mater and the glia limitans (indicated 

by a green arrow) and enter the brain parenchyma and interstitial fluid by an aquaporin 4-

dependent mechanism, which is the glymphatic pathway. Reproduced with permission 

from Morris AWJ etal Acta Neuropathologica 2016, 131(5) 725-736. 

Cerebrovascular damage and neurodegeneration 

Our attention is drawn to the intricate coupling of arterial, venous, CSF and brain 

parenchymal dynamics, damage to anyone of them can initiate a cascade of events affecting 

clearance of waste products in the brain and leading thereby to neurodegeneration. Reduced 

cerebral perfusion is considered a potential link between vascular risk factors and the 

development of SVD, vascular dementia and Alzheimer’s disease (AD) (221). Most important risk 

factors are advancing age and hypertension, both of which will hamper cerebral blood flow by 

directly damaging arterial walls and the microvasculature. Patients with SVD and AD often 

present with increased arterial stiffness, altered BBB permeability, VSMC loss, multiple 

fenestrations in the IEL, remodeled arterial wall basement membranes, pericyte degeneration, 

increased intercapillary distance, reduced capillary density, increased arteriolar tortuosity and 

swelling of astrocyte end-feet, ultimately reducing the capacity for optimal exchange of 

substances across the capillary endothelium (222–225). The inefficient transfer of pulsatile 

energy from the arterial bed towards the capillaries and the venous walls will disrupt hydrostatic 

forces. Arterial vasomotion will also be affected in several ways: direct arterial wall damage, 

deposition of amyloid-beta and loss of cholinergic innervation of VSMCs. The geometry of ECS 

changes with age and disease as free water within the parenchyma increases and toxic solutes 

such as amyloid-beta deposit within the extracellular space (226). In this scenario, the 

glymphatic/convective influx as well as IPAD will be hampered.  
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As the density of capillaries is lower in the white matter than in grey matter and capillary 

basement membranes are the entry portals for IPAD by which ISF and solutes drain from brain 

tissue the shortage of capillaries in the white matter may be a factor in a reduced capacity for 

IPAD in the white matter (227). Obstruction of CSF drainage from the cerebral ventricles results 

in dilatation of the ventricular system and the accumulation of fluid in the periventricular white 

matter in the acute stages of hydrocephalus with the slowly progressive destruction of white 

matter fibres and gliosis, suggesting that the capacity for IPAD is lower in the white matter 

compared to the grey matter (228). 

Damage to veins, venules and capillaries can also characterize other subtypes of SVD such as 

perivenous collagenosis (229). This is characterized by concentric thickening of venular walls 

and pathological deposition of collagen resulting in leukoaraiosis or white matter 

hyperintensities (WMH) on MRI. Occlusion of venules and veins causes hypoperfusion and 

ischemia but also affect drainage of CSF via meningeal lymphatics (230). 

There are several, albeit non-specific, MRI biomarkers such as dilated PVS, WMH, 

cerebral microbleeds and superficial siderosis that characterize SVD, AD and CAA that are an 

expression of impaired clearance of proteins and fluids, focal ischemia, deposition of amyloid-

beta within the walls of capillaries and neurodegeneration (227,231–234). Neural tissue can 

become stiffer via several processes such as Wallerian degeneration, axonal atrophy, loss of 

oligodendroglial cells, microglial activation, neuroinflammation and microvascular damage, 

resulting in a range of microstructural changes from increased tissue water content to 

progressive gliosis and loss of volume.  

There is substantial evidence that fluid movements in the brain are related such that 

damage to one compartment can lead to several events leading to neuro-glial vascular 

compromise (Fig 2-2). In particular, the morphological damage to macro/microvasculature or 

their dysfunction will most likely compromise the movement of fluids, with impact on the 

perfusion of the brain and the drainage of CSF, ISF, altering the homeostasis of the brain, which 

in turn leads to neuronal cell loss and dementia.   

Funding: The authors thank the Stroke Association of UK for financial support.  
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Chapter 3 Paper 2: MR Imaging of Neurofluids in the 

Developing Brain 

This chapter is the Accepted Manuscript of the published version that appears in its final 

form in Neuroimaging Clinics of North America. The full reference is: Agarwal N, Klein Willemijn, 

Tuura Ruth O’Gorman. Neuroimaging Clin N Am. 2025 May;35(2):287-302. The original content 

of the article has not been changed but the formatting has been slightly tweaked for easier 

readability. To access the final edited and published work see DOI 10.1016/j.nic.2024.12.005” 

(235). It brings together the current state-of-the-art on magnetic resonance imaging of 

neurofluids in the pediatric brain.  

This work was built on the current understanding of the anatomy of neurofluids in human 

embryological, fetal and post-natal developmental phases.  

  



Chapter 3 

48 

Introduction 

Neurofluids, including cerebrospinal fluid (CSF) and interstitial fluid (ISF), play key roles in brain 

development, maintaining local homeostasis, and clearing metabolic waste (3).  The glymphatic 

system, a recently discovered network, clears metabolic waste from the central nervous system 

(CNS) by utilizing the perivascular spaces (PVS) around arteries and veins for the exchange of 

CSF and ISF, facilitating the removal of neurotoxic substances (236). Ongoing research has 

established the important role of neurofluids in the developing brain, particularly in the clearance 

of waste products, volume transmission of neurotransmitters and myelination—processes 

essential for neuronal circuitry formation and cognitive optimization (4,5,7). Advances in 

pediatric neuroimaging, especially MRI-based quantitative assessments, are increasingly 

enabling the detection of both normal and pathological changes in neurofluid dynamics. This 

progress aims to facilitate a more precise understanding of the etiology of neurodevelopmental 

disorders (6). An improved understanding of this system has the potential to create novel 

therapeutic strategies to optimize brain health from prenatal stages through adolescence. This 

review aims to consolidate current knowledge on neurofluids in the developing brain and 

magnetic resonance imaging techniques employed in common pediatric neurological 

conditions.  

Brain parenchyma and the interstitial space 

During the embryonic and fetal periods, the brain undergoes rapid neural development, 

characterized by processes such as synaptogenesis, programmed cell death, dendritic 

proliferation, and the growth of glial cells. Throughout the first few years of life, the volumes of 

white matter (WM), gray matter (GM), and the ventricles change at varying rates, with the brain 

reaching about 90% of its adult size by age five (237). These changes in intracranial volume (ICV), 

WM, GM, and ventricular volume are crucial markers of normal brain development. In addition, 

a normal growth trajectory of the skull and the timely closure of the fontanelles is also important 

for understanding fluid dynamics during the first two years of life (7). Abnormalities in brain and 

skull growth can lead to fluid accumulation within the brain parenchyma or in the subarachnoid 

and cisternal spaces, compromising brain function.  

The interstitial space (ISS), which contains ISF, is predominantly composed of extracellular 

matrix (ECM) secreted by surrounding cell membranes. This space is dynamic, involving 

continuous ECM secretion and degradation to support synaptic plasticity and local homeostasis 

(76). The ECM, consisting of components such as proteoglycans, collagen, elastin, and 
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glycoproteins like laminin, reelin, and fibronectin, varies between neonates and adults, reflecting 

the evolving ISS. ECM components play a critical role in proteolytic processes and in maintaining 

the viscoelasticity of the ISS, which is key for healthy brain development. As the brain develops, 

the ISS increases in volume and decreases in structural tortuosity, facilitating faster, low-

resistance fluid flow and the transport of large molecules necessary for growth (76,238). The ECM 

also contributes to neural development and synaptic plasticity (80,239). 

Cerebrospinal Fluid Circulation in the Developing Brain 

Neurulation is completed around the fourth week of gestation, marked by the closure of the 

anterior and posterior neuropores. The hollow center of the neural tube then develops into the 

future ventricular system (12). During the first trimester, CSF is primarily secreted by the 

neuroepithelium lining the neural tube cavity, filling the entire structure with primitive CSF (26). 

The rapid increase in the intraluminal pressure causes significant expansion of the neural tube, 

with ventricular volume outpacing that of the brain (240). Ventricles are formed several weeks 

before the formation of the choroid plexi, indicating that primitive CSF is derived from sources 

that are different from the blood-CSF barrier at the level of the choroid plexi. The protein content 

of fetal CSF is considerably higher than that observed postnatally (240). In the embryonic and 

fetal periods, CSF plays a crucial role in transporting growth factors and nutrients, even before 

the formation of blood vessels. Normal values for ventricular width in fetuses, as well as 

premature and term infants, have been established through ultrasonography (US) and MRI.  

The subarachnoid space (SAS) develops independently of the ventricular system, and the fluid it 

contains is not directly related to the development of the choroid plexi (188). This fluid is likely 

formed from the meninges, which are derived from the mesoderm (188). During the embryonic 

and early fetal phases, there is no communication between the fluid in the SAS and the 

ventricular system, as the outlets of the fourth ventricles are initially covered by a membrane 

(240). Measuring the thickness of the SAS is considered valuable for assessing brain 

development in the fetus, with standardized normal values available through MRI and US (241–

243). 

CSF absorption occurs due to pressure differences at the level of the arachnoid villi (244). Several 

other CSF drainage pathways are now established, such as through the cribriform plate, skull 

base neural foramina and meningeal lymphatics in the parasagittal dura. Since arachnoid 

granulations in the SAS mature around 18 months of age, it is likely that CSF reabsorption 

primarily occurs through alternative pathways such as paraneural sheaths around the cranial 
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nerves as they exit the basal brain, and through the cribriform plate towards the nasopharyngeal 

lymphatic plexus (33).   

 

Meningeal Lymphatic System 

The development of the meninges is intricately linked to the formation of brain tissues (245,246). 

The outermost meninx, the dura mater, lines the inner surface of the skull and is composed of 

dense connective tissue with two layers(43). These layers are fused except around the venous 

sinuses. The inner layer of the dura is loosely attached to the avascular arachnoid via trabeculae 

that extend to the arachnoid membrane. The pia mater, a single-celled connective tissue layer, 

drapes the surface of the brain and is continuous with the perivascular connective tissue 

surrounding the penetrating vessels. The meninges in the developing brain perform several vital 

functions, including the production of growth factors essential for cell survival, regulation of 

neuronal migration and proliferation, neurogenesis, and the development of blood vessels(247). 

The pial basement membrane plays a structural role, providing stability to glial processes and 

aiding in the migration of neuronal cells. Glymphatic activity in children is likely to differ from that 

in adults, as all vessel walls undergo degenerative changes with age. With increasing age the 

contractile force of the lymphatic vascular wall decreases, causing large diameter dysfunctional 

lymphatic channels (248). 

Recent animal and human MRI studies have identified lymphatic channels in primates and 

humans (63,65,249,250). These channels are located along the walls of the dura mater, and 

evidence suggests that such channels are actively involved in neuroinflammatory and 

neurodegenerative processes (251). Meningeal lymphatic channels are directly connected to the 

deep cervical lymph nodes, as recently demonstrated in both contrast enhanced and 

unenhanced MRI studies (97,252–254). Additionally, a human autopsy study has illustrated 

connections between the meningeal lymphatics and the deep cervical lymph nodes(255). The 

development of meningeal lymphatics in humans is not fully understood; however, studies in 

mice have shown that all spinal and brain meningeal lymphatics develop postnatally (43,244). 

Peripheral lymphatic vessels drive the formation of meningeal lymphatic vessels, which enter the 

cranium through the skull base foramina and proceed dorsally along the superficial venous 

system (28). In mice, mechanical forces from lymphatic flow were reported to be needed for the 

postnatal formation of healthy meningeal lymphatic vessels (32).  
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Magnetic resonance imaging techniques  

MRI has significantly enhanced our understanding of central nervous system development from 

the fetal period to adulthood. Within the first six months of life, changes in T1 and T2 relaxation 

times reveal progressive myelination of white matter structures, with the pattern of myelination 

closely resembling that of an adult brain by 12 months of age (256). The gradual increase in T1 

signal is primarily due to the reduction in brain water content and the accumulation of myelin 

precursors and macromolecules (Fig. 4-1). Beyond these basic signal changes, which allow for 

the monitoring of temporal alterations in fluid signals in the developing brain, several advanced 

MRI techniques have emerged and these techniques provide deeper insights into the anatomy 

and physiology of fluid dynamics within the brain. 

 

Figure 3-1 T1w and T2w images showing MRI signal of normal development over the first 2 

years of life. Axial T1 (left) and T2-weighted images (right) acquired from healthy 

children at term, 5 months, 1 year, and 2 years, showing the changes in T1 and T2 

relaxation times arising from changes in water content and myelination. 

Corresponding images from an adult are shown for comparison. 
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Imaging CSF flow: Phase contrast MRI 

Phase contrast MRI (PC-MRI) methods can be used to quantify bulk neurofluid flow at a range of 

scales and flow rates. Typically, 2-dimensional (2D) PC-MRI methods are used, although recently 

4D flow (time-resolved 3D methods) have also been applied to the brain in children as well as in 

adults (257,258). By appropriate choice of the velocity encoding (venc) factor, PC-MRI can be 

used to quantify neurofluid flow at a range of flow rates from that of CSF to that of arterial and 

venous blood. Recent attempts have also been made to quantify creeping flow within the dural 

lymphatics using PC-MRI with ultralow venc (e.g. 0.24 mm/s) 40, although the ultralow venc 

protocols depend on specialist, high performance gradients which are not yet widely available.  

Building on earlier work examining fluid motion with echo planar imaging (259), recent 

developments in real-time phase contrast methods have enabled the acquisition of time-

resolved data with high temporal resolution (260,261), permitting the separation of cardiac and 

respiratory effects on CSF flow. A series of studies using real-time PC-MRI have revealed 

inspiration-induced filling of the lateral ventricles in healthy adults, associated with upward 

(inferior to superior) motion of the CSF within the aqueduct during deep breathing (262,263), 

counterbalancing the increased venous flow during inspiration resulting from decreased 

thoracic pressure. Recent studies have also applied real-time PC-MRI in children as well as 

adults, reporting age- and sex-related changes in CSF flow (264). Echo planar imaging methods 

without velocity encoding have also demonstrated pulsatile motion of CSF in the 4th ventricle, 

synchronized to the blood volume changes seen in the, either during sleep (211), or with 

stimulation (265). In this manner, the CSF and arterial inflow to the brain balance the venous 

outflow, fulfilling the requirements of the Monro-Kellie doctrine (Figure 4-2).  
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Figure 3-2 Depiction of the neurofluid system including arterial (red) and venous (blue) blood 

and cerebrospinal fluid (CSF) (gray). After closure of the skull fontanelles (black), 

the fixed volume within the cranium and the incompressibility of brain tissue give 

rise to the Monro-Kellie hypothesis, that the total brain and neurofluid volume must 

remain constant, in or- der to maintain constant intracranial pressure. A change in 

volume of one neurofluid is therefore compensated by a change in volume of 

another neurofluid. As a result, after closure of the fontanelles, CSF inflow into the 

brain depends on the difference between arterial inflow and venous outflow. In 

infants, due to the open fontanelles and suture lines, the skull is not yet rigid, so the 

total intracranial volume can vary. CSF flow also depends on cardiac pulsations, as 

well as on spinal and intracranial pressure. In addition, respiration exerts a 

significant effect on CSF flow, since inspiration causes a reduction in thoracic 

pressure, increasing the venous return and enabling increased inflow of arterial 

blood and CSF. CSF pro- duction primarily occurs in the choroid plexi within the 

lateral ventricles, while CSF absorption occurs via pressure differences generated 
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at the level of the arachnoid villi/arachnoid granulations. Since these arachnoid 

granulations mature at around 18 months of age, the reabsorption of CSF in infants 

is likely to occur via alternative pathways (green dotted lines) such as along the 

cranial nerves and through the cribriform plate toward the nasopharyngeal 

lymphatic plexus, and subsequently to the cervical lymph nodes (green). 4V, fourth 

ventricle; AF, anterior fontanelle; CA, carotid arteries; CP, choroid plexus; DCN, 

deep cervical lymph nodes; IJV, internal jugular veins; LV, lateral ventricle; MLV, 

meningeal lymphatic vessels; PF, posterior fontanelle; SSS, superior sagittal sinus; 

VA, vertebral arteries. (Picture credit Aimi Nagasawa.) 

Imaging of intraparenchymal fluid transport: gadolinium based MRI  

In adults, fluid transport between the CSF and tissue compartments has been demonstrated with 

serial T1-weighted imaging after intrathecal injection of a contrast agent, showing enhancement 

around the middle cerebral arteries, basal cisterns, and Sylvian fissure, proceeding along the 

vessels and into the brain from the subarachnoid space (94,96,266). Similarly, fluid transport 

between the blood and CSF compartments has been demonstrated using serial, heavily T2-

weighted FLAIR imaging following intravenous injection of a contrast agent, showing delayed 

enhancement of the perivascular spaces and CSF (267,268). These contrast-enhanced methods 

represent the current gold standard for imaging clearance in vivo in human (269), as well as for 

the assessment of blood brain barrier permeability (270).  However, with the exception of specific 

patient groups in whom contrast is needed for other reasons (271), contrast-based methods are 

not appropriate for studying glymphatic function in children due to the invasive nature of such 

studies.   

Imaging water motion and its directionality: Diffusion MRI  

Unlike contrast-based methods, diffusion-based methods are fully noninvasive and suitable for 

use in pediatrics, healthy volunteers, and other groups for whom a contrast injection is not 

indicated. Analogous to the velocity encoding gradients used in PC-MRI, the diffusion gradients 

in diffusion MRI can be used to sensitize the images to the motion of water on a range of spatial 

scales, ranging from intra- and extra-cellular water diffusion to microvascular perfusion. One 

metric which has already been widely applied to pediatric groups is the Diffusion Tensor Imaging- 

analysis along the perivascular space (DTI-ALPS) index (272). The DTI-ALPS index is calculated 

from the ratio of the diffusivity parallel to the PVS at the level of the corona radiata, lateral to 

ventricles, relative to the perpendicular (radial) diffusivities in the projection and association 
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tracts, and has revealed changes in children with autism spectrum disorder 58, spastic cerebral 

palsy (273), epilepsy (274–276), acute lymphoblastic leukemia (277), multiple sclerosis with 

cognitive impairment (278), hydrocephalus (279), and attention-deficit hyperactivity disorder 

(280).  While the physiological meaning of this index has recently been re-appraised (281), in light 

of the variability in perpendicular diffusivities potentially arising from non-glymphatic effects, the 

DTI-ALPS index has the advantage of being noninvasive, readily calculable using the high b-

values typically applied in diffusion tensor MRI, and sensitive to changes in clearance observed 

following an intrathecal injection of Gadolinium (282). However, since the DTI-ALPS index is 

calculated at a single spatial location, it is not sensitive to changes in clearance elsewhere in the 

brain. 

In contrast to the high b-value diffusion imaging used to assess molecular diffusion, low b-value 

diffusion imaging can be used to assess the pseudo-diffusion signal from microvascular 

perfusion or circulatory flow. Combining diffusion gradients over a range of low to high b-values, 

as in the intravoxel incoherent motion (IVIM) method (283), the diffusion signal can be modeled 

to estimate both perfusion and diffusion components. Two components, corresponding to 

microvascular perfusion and molecular diffusion, are typically modeled in the IVIM signal, but 

recent work suggests that a third, intermediate component can be detected within brain regions 

where perivascular spaces are visible 70. The origin of this signal has not yet been validated, but 

this intermediate IVIM signal is thought to be related to perivascular edema, or an increased 

fraction of ISF (284). The IVIM method has been widely used in children 58 and in fetal and 

placental MRI (285,286) as a non-contrast perfusion imaging method, but to our knowledge the 

spectral IVIM analysis and the intermediate IVIM signal have not yet been assessed in pediatric 

brain MRI. 

Imaging of perfusion and blood brain barrier permeability - Arterial Spin Labeling  

Arterial spin labeling (ASL) is a non-contrast method for measuring perfusion using blood water 

as an endogenous contrast agent (287). Images are sensitized to perfusion through the 

application of a labeling pulse, typically an inversion pulse, which inverts the spins in blood in 

the feeding vessels. During a post-labeling delay, the spins flow into the brain and exchange 

across the blood brain barrier, reducing the magnetization by an amount proportional to the 

perfusion. Perfusion can be quantified after collecting two sets of images, one after prior labeling 

of the spins and one as a control image with no spin labeling (288). The ASL technique can be 

modified to sensitize the images to blood brain barrier permeability, using multiple delay times 

and/and kinetic modeling to estimate the exchange times between the blood, tissue, and CSF 
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compartments (289). Diffusion and ASL methods can also be applied in combination, either 

within the same acquisition as in the diffusion-weighted ASL method (290), or in separate 

acquisitions, where ASL can help to clarify the perfusion contribution to the IVIM signal. 

To date, the ASL method has been widely used to measure perfusion in pediatrics and is part of 

the standard clinical evaluation for a number of indications (291,292). In healthy children, 

perfusion has been shown to increase rapidly after birth, reaching a peak in middle childhood 

(293,294) and then decrease throughout later childhood and adolescence, but during puberty 

the change in perfusion is non-linear and varies between males and females and across brain 

regions (295) (Fig. 4-3).  

 

Figure 3-3 Normal arterial spin labeling (ASL)-based perfusion signa from neonate to 

adolescence. Axial perfusion maps at the level of the centrum semiovale (top) and basal ganglia 

(bottom), acquired from healthy children ranging in age from the neonatal period to adolescence. 

All images are scaled to the same range of perfusion values in order to facilitate the comparison 

of absolute perfusion values across age. The perfusion increases rapidly after birth and appears 

to peak in middle childhood and then decreases in late childhood and adolescence. 

 

Imaging of perivascular spaces: indirect marker of altered clearance 

PVS, also known as Virchow-Robin spaces, are spaces within the basement membranes of the 

pia mater surrounding perforating arteries in the white matter of the centrum semiovale (296). 
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PVS can also be identified as invaginations of the leptomeninges surrounding the penetrating 

arterioles in the basal ganglia. An increased number of dilated PVS (dPVS) in adults is considered 

an indirect marker of altered clearance of ISF and waste products. dPVS can be seen prenatally 

(Fig. 4-4) and in the newborn and in the pediatric age group without any relationship with cognitive 

deficits or indication of pathology, making it difficult to attribute any clinical significance 

(297,298) (Fig. 4-5).  

 

 

Figure 3-4 Average isotropic diffusion-weighted image from a postmortem brain sample from a 

20-week-old fetus, scanned at 9.4 T over 85 hours, depicting perivascular spaces during 

gestation.(Acknowledgments: Andras Jakab, Center for MR Research, University Children’s 

Hospital, Zu¨ rich, Christoph Ruegger, Neonatology, University Hospital of Zurich, Dominic 

Gascho, Institute of Forensic Medicine, University of Zurich, Mark Augath, Preclinical Im aging 

Center, ETH Zurich.) 
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Figure 3-5 Axial T2-weighted images acquired at the level of the centrum semiovale (top) and 

basal ganglia (bottom) from a preterm-born neonate scanned at term-equivalent age and a term-

born control infant. Corresponding images from an adolescent are depicted for comparison, 

together with an illustration of the slices used for evaluation of the perivascular spaces. 

PVS are defined as areas of hyperintense signal on conventional T2-weighted image and 

hypointense signals on T1-weighted image, but their visibility is field strength (299,300) and 

protocol-dependent (301). The number or size of PVS can be assessed visually using 

standardized scoring systems, typically applied to axial T2-weighted images through the basal 

ganglia and centrum semiovale (164,302,303). PVS counts can also be calculated  using Frangi 

filters, thresholding,  machine learning or deep learning algorithms to detect and segment the 

PVS automatically throughout the brain or within predefined region masks (303,304). 

PVS counts are higher in healthy males in comparison to females (298,304). In healthy 

adolescents, PVS counts were not associated with age or pubertal status in one study (298), 

although a recent longitudinal study reported a slight increase in PVS volume from age 12-22 

years, and with basal metabolic index (305,306). These studies provide initial evidence for 

maturational changes in PVS through infancy, childhood, and adolescence, but further studies 

examining PVS across a wide age range in healthy and pathological groups are needed to 

characterize the typical and atypical developmental profiles of PVS (297). A large body of 

literature suggests that enlarged PVS are a common denominator in multiple neurological 

disorders. These have been reported in epilepsy (307,308), autism (153) ADHD (280), headache 
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(308,309), developmental delay (309), pediatric multiple sclerosis (310) and PTEN Hamartoma 

Tumor Syndrome (PHTS) (311). Enlarged PVS seem to be related to disrupted sleep (153).  

Preterm Birth  

In the preterm neonates that are hospitalized, it is a normal finding to see widening of the 

subarachnoidal spaces as well as widening of the Virchow Robin spaces in the basal ganglia 

(called lenticulostriatal vasculopathy, which seems a misnomer) (312) (Fig. 4-6). Yet it is 

unknown whether this is a disruption of the normal neurofluid flow. Infection and inflammation 

are known risk factors for preterm birth (313) and inflammatory processes may affect 

perivascular structures (314,315). In addition, preterm neonates show incomplete 

autoregulation and vascularization (316,317), and meningeal lymphatic vessels and astrocytes 

are not fully formed until the postnatal period (32,318).  

A number of alterations in neurofluid markers have been reported in preterms, including 

significantly increased cerebral perfusion in comparison to that seen in term-born controls 

(316,319–321) thought to be due to rapid increase in perfusion after birth (293,321,322), arising 

from the additional stimulation ex utero. A recent study also reported fewer basal ganglia PVS in 

preterm-born neonates in comparison to term-born controls, as well as a decrease in basal 

ganglia PVS with postmenstrual age (PMA) (323). Preterm neonates have also been reported to 

show lower ALPS indices and an increase in DTI-ALPS with PMA (324).  

 

 

Figure 3-6 Lenticulostriatal vasculopathy in a term neonate, hospitalized for a perinatal 

asphyxia. Ultrasound in the sagittal oblique direction, demonstrating the typical lenticulostriatal 

vasculopathy as echogenic lines. (B) Re- constructed heavily weighted T2 sagittal image shows 

high signal of the lenticulostriate arteries in the same neonate. 
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In recent years, new imaging techniques for visualizing lymphatic vessels in the body have been 

developed, most notably intranodal MR lymphangiography. This method involves injecting a 

contrast agent into the lymph nodes in the groin, which enhances the visualization of central 

lymphatic vessels in the retroperitoneum and posterior mediastinum (325). This advancement 

has provided significant new insights into the complex lymphatic anomalies in the body. Given 

that these anomalies are typically congenital and often associated with syndromal or genetic 

abnormalities (326), it is plausible that there is a correlation between lymphatic anomalies and 

glymphatic abnormalities. This connection is particularly evident in patients with Noonan 

syndrome, who frequently exhibit abnormal lymphatic anatomy and functionality, as well as 

neurological and developmental challenges (327) (fig 4-7).  

 

Figure 3-7 Neonate born at 33 weeks with fetal hydrops and a RASopathy (Noonan (-like) 

syndrome). (A) Transversal T2-weighted MR image of the brain, demonstrating the wide 

subarachnoidal space (arrow). (B) Coronal T2- weighted MR image demonstrating the pleural 

fluid (arrow), ascites (arrowhead), and subcutaneous edema. (C) MR lymphangiography, coronal 

T1-weighted image after intranodal contrast injection, demonstrating the stop in the central 

lymphatic flow (arrow) and the retrograde lymphatic contrast dermal backflow (arrowhead). 

These images are typical for Central Conducting Lymphatic Anomaly that may occur in several 

syndromic diseases that also have developmental abnormalities, typically in Noonan (-like) 

syndrome. 

Congenital heart disease  

Congenital heart defects (CHD), particularly the Fontan circulation in univentricular CHD, are 

likely to impact the body's lymphatic flow. It remains unclear whether lymphatic vessels are 

primarily affected or if the changes are secondary to abnormal venous pressure, or a 
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combination of both mechanisms. Previous studies have identified a correlation between 

increased central venous pressure and enlarged cerebrospinal fluid (CSF) volumes (6), which 

have also been associated with impaired neurodevelopment. Children with CHD have 

demonstrated altered CSF flow pulsatility (328), and adults with CHD seem to have an increased 

risk of early dementia, particularly in cases of severe heart defects such as univentricular heart 

disease (329) . Despite these findings, there is still limited knowledge about changes in lymphatic 

and glymphatic flow in CHD. 

Epilepsy 

Histological studies in children with intractable focal epilepsies have revealed an association 

between enlarged perivascular spaces, white matter angiopathy and disrupted blood brain 

barrier permeability (330). Enlarged perivascular spaces in children with intractable focal 

epilepsies have been associated with white matter angiopathy and disrupted BBB permeability 

(330), as well as with the seizure duration and the interval between the last seizure and MRI 

(307)(Fig. 4-8).   

 

Figure 3-8 Axial T2-weighted images acquired at the level of the centrum semiovale in a girl who 

presented with epileptic spasms due to focal lesional epilepsy at 4 months of age.and at 15 

months of age (B). PET (C) demonstrates a hypometabolic area in the right temporal lobe (arrow), 

which, after surgical resection, was histologically diagnosed as a type II a focal cortical 

dysplasia. perivascular spaces (PVS) count varied at different time points (D and E) and seemed 
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slightly higher in the hemisphere ipsilateral to the epileptogenic lesion (red oval circle in figure 

part E). 

Other neurological disorders 

Enlarged subarachnoid spaces in some infants combined with rapidly growing head 

circumference without ventricular enlargement is defined as benign hydrocephalus. While a 

specific etiology has not been identified, it could be an expression of immature arachnoid 

granulations. In the context of neurofluids, it is interesting to note that certain systemic 

conditions, such as thrombosis of the superior vena cava, children may develop extraventricular 

hydrocephalus (331,332). Increased central intracranial pressure is directly linked to central 

venous pressure whereby an increase in the latter will obstruct intracranial venous outflow via 

the internal jugular veins, affecting CSF absorption via arachnoid villi. Venous obstruction may 

be due to idiopathic intracranial hypertension and requires investigation especially in infants and 

toddlers who have retinal hemorrhages (Fig. 4-9). Such diagnosis may be delayed due to 

reopening of the fontanelles. Immature arachnoid villi in the newborn may also result in 

abnormal accumulation of CSF in the SAS (333).  
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Figure 3-9 Incidental findings of intracranial hypertension in a 26-month-old patient with 

autism spectrum disorder undergoing a routine MR imaging. (A) axial T1-weighted 

image shows abnormal morphology and size of the lateral ventricles; (B) contrast- 

enhanced MR imaging venography shows focal stenosis of the superior sagittal 

sinus and severe stenosis of the left transverse sinus, sigmoid sinus, and the left 

internal jugular veins; (C) protrusion of bilateral optic discs (white arrows) and (D) 

contrast-enhanced MR image shows engorged veins (white arrow), depression of 

the sinus rectus, and initial crowding of the foramen magnum. Opening pressure at 

lumbar puncture was 40 mm Hg (normal 15– 17 mm Hg). 
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There is a high incidence of enlarged CSF spaces is seen in children at high risk of developing 

autism spectrum disorder (ASD) and those with a confirmed diagnosis of ASD (152,334,335) (Fig. 

4-10). Increased CSF volume is linked to poor sleep quality in children with ASD (153). Since 

glymphatic drainage is facilitated during sleep, it is highly likely that patients with ASD are also 

affected with poor waste clearance (336,337). Recent studies have also shown a higher 

incidence of enlarged perivascular spaces in children with ASD (153,338). One study showed that 

the volume of parasagittal dura, a tissue that harbors meningeal lymphatics, is related to 

neurodevelopmental delay (339). 

 

Figure 3-10 Common aspecific incidental neuroimaging findings in children with Autism 

spectrum disorders (ASD).(A) Coronal and (B) axial T2-weighted image showing prominent PVS 

in the peritrigonal parietal region (white arrows) in a 28-month-old female; (C) a 34-month-old 

male with ASD shows tonsillar herniation in a T2- weighted sagittal image (white arrow); (D) 

aspecific white matter abnormalities in bilateral peritrigonal regions (white arrows) are seen in a 

32-month-old male with ASD on axial T2-weighted image; (E) prominent frontal sub- arachnoid 

spaces (white arrow) are visible in a 46-month-old male with ASD on coronal T2-weighted image; 

(F) mega cisterna magna (white arrow) is seen in a 27-month-old female with ASD on a T1-

weighted axial image.There is recent evidence that children with craniosynostosis may suffer 

with anatomical and functional dysfunction of the meningeal lymphatic vessels (340) and 
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specific treatments are being pursued to improve cognitive functions in craniosynostosis (6). 

Studies using animal models have demonstrated that meningeal lymphatic impairment leads to 

altered brain perfusion and increased ICP, which can drive neurocognitive dysfunction (6). These 

findings highlight the interaction between the skull and meninges, offering new avenues for 

treatment. For instance, understanding how the mechanoceptor Piezo-1 regulates lymphatic 

flow has prompted investigations into Piezo-1 agonists, such as Yoda1, as potential treatments 

for cognitive dysfunction in patients with craniosynostosis.(340,341).  

Conclusion/Summary  

Over the past decades the concept of neurofluids has provided a new dimension to our     

understanding of brain development, anatomy, brain function and the possible role of disrupted 

fluid transport in neurological disorders. MRI is an important tool in our assessment of neurofluid 

flow and development, providing important insight into the connections and transport of fluids 

between different compartments within the brain.  
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Chapter 4 Paper 3: Perivascular Space Burden in 

Children with Autism Spectrum Disorder 

Correlates with Neurodevelopmental 

severity 
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Imaging, 29 June, 2025. The original content of the article has not been changed but the formatting 
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Abstract  

Background: Cerebral perivascular spaces (PVS) are involved in cerebrospinal fluid (CSF) 

circulation and clearance of metabolic waste in adult humans. A high number of PVS has been 

reported in autism spectrum disorder (ASD) but its relationship with CSF and disease severity is 

unclear.    

Purpose: To quantify PVS in children with ASD through MRI. 

Study Type: Retrospective. 

Population: 66 children with ASD (mean age: 4.7 ± 1.5 years; males/females: 59/7). 

Field Strength/Sequence: 3T, 3D T1-weighted GRE and 3D T2-weighted turbo spin echo 

sequences. 

Assessment: PVS were segmented using a weakly supervised perivascular spaces algorithm. 

PVS count (WM-PVStot) and normalized volume(WM-PVSvoln), were analyzed in the entire white 

matter. Six regions: frontal, parietal, limbic, occipital, temporal, and deep WM (WM-PVSsr).) WM, 

GM, CSF and extra-axial CSF (eaCSF) volumes were also calculated. Autism Diagnostic 

Observation Schedule, Wechsler Intelligence Scale and Griffiths Mental Developmental scales 

were used to assess clinical severity and developmental quotient (DQ).  
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Statistical Tests: Kendall correlation analysis (continuous variables) and Friedman (categorical 

variables) tests were used to compare medians of PVS variables across different WM regions. 

Post-hoc pairwise comparisons with Wilcoxon tests were used to evaluate distributions of PVS in 

WM regions. Generalized linear models were employed to assess DQ, clinical severity, age, and 

eaCSF volume in relation to PVS variables. A p-value <0.05 indicated statistical significance.       

Results:       severe DQ (β=0.0089), mild form of autism (β=-0.0174), and larger eaCSF (β=0.0082) 

volume was significantly associated with greater WM-PVStot count.  WM-PVSvolnwas 

predominantly affected by normalized eaCSF volume (eaCSFvoln) (β=0.0242; adjusted for WM 

volumes). The percentage of WM-PVSsr was higher in the frontal areas (32%) and was lowest in 

the temporal regions (11%).  

Data Conclusion: PVS count and volume in ASD are associated with eaCSFvoln. PVS count is 

related to clinical severity and DQ. PVS count was higher in frontal regions and lower in temporal 

regions. 

 

Keywords: Perivascular Spaces, Autism Spectrum Disorder, Pediatric, CSF drainage, 

Neurodevelopment, Deep learning 
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Introduction  

There is a growing body of evidence suggesting that an increased number of perivascular 

spaces (PVS) identified by MRI may represent a marker for altered drainage of CSF and therefore 

clearance of waste products in the adult brain (343). Specifically, PVS are present within the 

basement membranes of the penetrating arterial walls (75). They are natural conduits for the 

entry of cerebrospinal fluid (CSF) and exit of interstitial fluid (ISF) and metabolic waste (344). 

Regarding their structure, PVS are linear or ovoid in shape and typically show a signal intensity 

similar to that of CSF - hyperintense on T2-weighted (T2w) images, and hypointense on T1-

weighted (T1w) and fluid-attenuated inversion recovery (FLAIR) (344) images. The burden of PVS 

can be determined using a visual rating (VR) scale (grade 0: none; grade 1: 1-10; grade 2: 11-20; 

grade 3: 21-40; grade 4: >40) (302). This scale is used to quantify the number of PVS (perivascular 

spaces) observed in an axial plane that cuts through the basal ganglia (BG), or in a plane through 

the white matter (WM) in the centrum semiovale(164). However, for a more precise and detailed 

evaluation of the presence of PVS in the entire WM, application of VR scale is not feasible. 

Although the VR scale is considered the reference standard assessment scale and has 

demonstrated good reliability and repeatability, this qualitative method is relatively insensitive 

and limited by floor and ceiling effects.  

Automatic and semi-automatic techniques have been developed that can improve the 

segmentation of PVS, considering morphological features, signal intensity, and deep learning 

approaches. These techniques aim to enhance accuracy, improve reproducibility and efficiency 

of PVS quantification, thus providing more reliable biomarkers for both clinical and research 

applications (345,346). In this context, an increased number of PVS quantified by both the VR 

scale and automatic methods is strongly correlated with advancing age, vascular risk factors, as 

well as neurodegenerative disorders like Alzheimer’s disease (297,347). Previous studies in the 

pediatric population suggest that their numbers increase in neurodevelopmental disorders 

(308,309). However, their significance in the developing brain remains unclear (323). Additionally, 

there is a lack of studies quantifying PVS in the pediatric brain using deep neural network-based 

semi-automatic or automatic tools, particularly in disorders like autism spectrum disorder (ASD). 

ASD is a complex neurodevelopmental disorder affecting communication, behavior, and 

social interaction (348) . In this context, MRI-based  markers in children at the age of 4 to 10 years 

with ASD are often times unspecific, but a larger volume of subarachnoid spaces, presence of 

multiple PVS, and brain overgrowth are considered salient features and can be frequently 

observed (150,349). These findings likely support the notion that enlarged perivascular spaces 

reflect an alteration in cerebrospinal fluid circulation within the developing brain. Previous work 

has shown neuroanatomical differences in individuals with ASD, including enlarged PVS 
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(153,338,350,351), elevated levels of amyloid beta (352), and an increased volume of extra-axial 

CSF (eaCSF) (353). However, there is a lack of quantification of PVS in the whole brain in children 

with ASD using deep learning algorithms. One study quantified PVS using a Frangi filter-based 

deep learning algorithm on two-dimensional (2D) MRI data acquired at 1.5-T in children with ASD 

(338), while two other study relied on visual assessments of PVS (350,351). Given that PVS are 

associated with neurodegenerative and neurodevelopmental processes (309,354), clinical 

assessment (such as developmental delay or severity of disease) of PVS in children with ASD 

could enhance our understanding by stratifying children based on PVS count to support 

treatment strategies      

Against this background, we aimed to quantify PVS using a deep learning-based automatic 

approach, with the goal of correlating the results with brain morphological volumes and clinical 

severity in children with ASD. Additionally, we sought toto analyze the spatial distribution of PVS 

in white matter (WM-PVStot) to explore spatial patterns of PVS. 

Materials and Methods  

This retrospective study was approved by the local Institutional Review Board of our 

institute. Due to the retrospective nature of the study, a waiver was obtained to permit the reuse 

of existing data.  

Participant Characteristics 

Data were collected as part of a single-center study involving children with a diagnosis of 

ASD, who had undergone clinical MRI as part of their diagnostic work-up between July 2021 and 

September 2023. Demographic and clinical characteristics of the study participants are shown 

in Table 6-1 (Table 6-5 S1 in Supplementary Materials for sex-based stratification).  
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Table 4-1 Patient Demographics and Clinical Characteristics 

Patient Demographics and 

Clinical Characteristics 
n = 66 

Age (years) 

(mean ± std) 
4.67 ± 1.46 

IQ-class* 

(number) 

Normal (n = 21) 

Mild (n = 21) 

Moderate (n = 10) 

Severe (n = 14) 

CSS** 

(number) 

4 (n = 5) 

5 (n = 7) 

6 (n = 16) 

7 (n = 14) 

8 (n = 7) 

9 (n = 10) 

10 (n = 7) 

*IQ-class: Developmental delay class ; ** CSS: Clinical Severity Score (metric to assess the severity of 

autistic symptoms) 

The initial dataset consisted of 149 subjects. The inclusion criteria were: age range between 

2 and 8 years at time of MRI and an established diagnosis of ASD. The exclusion criteria were: 1) 

age less than 2 or greater than 8 years (n = 21), 2) lack of availability of MRI sequences of interest 

(n = 13), 3) insufficient MRI quality (n = 20), 4) incomplete clinical information (n = 29), and 5) 

history of traumatic brain injury, other neurodevelopmental comorbid disorders, macroscopic 

brain malformations, or severe prematurity (<28 weeks). Age cut-offs were determined using the 

age of the child with a diagnosis of ASD at the time of MRI acquisition. Breathing-related artifacts 

and radiofrequency-induced inhomogeneity artifacts were the primary factors contributing to 

poor MRI quality in certain images that the Human Connectome Project (HCP) pipeline could not 

process (355). Sedated children maintained spontaneous breathing. No sequence was repeated 

if deemed diagnostically adequate to prioritize patient comfort. The eligible population for this 

study comprised 66 children (mean: 4.7 ± 1.5 years, age range: 2.2-7.9yrs); males/females: 59/7). 



Chapter 4 

71 

The diagnosis of ASD was determined by a multidisciplinary team according to the 

Diagnostic and Statistical Manual of Mental Disorders criteria (356). This diagnosis was 

supported by tests administered to both parents and children. Specifically, the Autism Diagnostic 

Interview-Revised (ADI-R) (357)was provided to the parents, while the Autism Diagnostic 

Observation Schedule-second edition (ADOS-2) was conducted with the child (358). The 

Calibrated Severity Score (CSS) was employed as a metric for assessing the severity of autistic 

symptoms (358) . The scale ranges from 1 to 10, classifying severity into three categories: 1–3 for 

non-spectrum, 4–5 for autism spectrum disorder, and 6–10 for autism (359,360). The 

developmental quotient (DQ) was assessed using Wechsler Intelligence Scale for Children 

(WISC-IV) or the Wechsler Preschool and Primary Scale of Intelligence-III (WPPSI-III), based on 

the child’s age and cognitive-linguistic abilities (360). Griffiths Mental Development Scales-

extended revised version (GMDS-ER) was used for children unable to complete these tests due 

to lack of cooperation, age, or language difficulties (361). The scores obtained are grouped into 

five classes: normal (>70), mild (50–70), moderate (35–49), severe (20–34), and extreme (<20). 

None in our cohort was in the extreme subclass, leaving us with four DQ subclasses 

MRI Protocol 

All MRI scans were acquired on a 3 Tesla scanner (Achieva dStream; Philips Healthcare, 

Best, The Netherlands) equipped with a 32-channel head coil. All patients underwent three-

dimensional (3D)-T1 GRE and 3D-T2w turbo spin echo sequences covering the brain. The 3D-T1w 

sequences were acquired with one out of two available setups. In 29 subjects, 3D-T1w image 

parameters were as follows: repetition time (TR) = 8.3 ms; echo time (TE) = 3.9 ms; echo train 

length (ETL) = 256; flip angle = 8°; 1x1x1 mm3 voxel size. In 37 subjects, 3D-T1w image parameters 

were as follows: TR = 8.01 ms; TE = 3.7 ms; ETL = 228; flip angle = 5 °; 1x1x1 mm 3 voxel size. The 

3D-T2w image parameters were as follows: TR = 2.5; TE = 195.5 ms; ETL = 117; flip angle = 90; 1 

average; 1x1x1 mm3 voxel size. All patients underwent MRI under sedation using a continuous 

intravenous infusion of weight-adjusted dosage of propofol (Fresenius Kabi Austria 

GmbH/Graz/Austria; 2.5-4mg/kg).  

Image Processing 

All 3D-T1w and 3D-T2w images were pre-processed with the HCP 

(https://github.com/Washington-University/HCPpipelines, v4.7.0) minimal preprocessing 

pipeline (Figure 6-1) (355). This pipeline includes several steps: correction of MR gradient non-

linearity distortions, co-registration of T1w and T2w images, and alignment to Montreal 

Neurological Institute space to ensure anatomical consistency. Futhermore, the pipeline 

performs the tissue segmentation and parcellation through FreeSurfer pipeline version 6 
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(http://surfer.nmr.mgh.harvard.edu/).to improve the contrast between PVS and the surrounding 

WM.(346,355). 

 

 

Figure 4-1 Overview of the adopted workflow. Workflow used for analyzing 3D- T1w and 

3D- T2w DICOM files. Initially, the images underwent preprocessing via the HCP preprocessing 

pipeline. Then, WM parcellation was utilized to generate a mask of WM regions of interest. 

Additionally, pre- processed T1w and T2w images were used to generate Enhanced Perivascular 

space Contrast (EPC) images, which served as input for the WPSS algorithm for PVS 

segmentation. 

Segmentation masks for intracranial volume (ICV), WM, and cortical gray matter (cGM) 

were obtained from the HCP outputs. Six WM subregions were then defined by merging with the 

FreeSurfer WM parcellation version 6 (http://surfer.nmr.mgh.harvard.edu/) using the WM lobes 

subdivision described in a previous study: temporal, frontal, occipital, limbic, parietal, and deep 

WM (Figure 6-2). 
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Figure 4-2 T1w image and WM regions of interest. T1w image (left); WM parcellation 

masks were merged to create six WM regions of interest (right). These include deep WM, frontal, 

limbic, occipital, parietal, and temporal lobes. 

Since the CSF masks from HCP processing covered only a portion of the entire CSF space, 

additional masks were generated by segmenting 3D-T1w images. An in-house pipeline was 

applied to 3D-T1w images, involving the following steps: (1) brain extraction combining different 

tools:Brain extraction tool (BET), robust learning-based brain extraction system (ROBEX), 

advanced normalized tools(ANTs) (362–364); (2) correction of bias field intensity artifacts using 

the N4BC algorithm (365); (3) rigid registration to MNI space using ANTs; and (4) brain tissue 

segmentation (CSF, WM, cGM, BG, brain stem, cerebellum) with Atropos (algorithm distributed 

with ANTs), utilizing the Pediatric Template of Brain Perfusion (PTBP) priors (366). The CSF mask 

was then reviewed and manually corrected by one reader (NA, 14 years of experience) to remove 

any voxels outside the skull (Dice Similarity score = 0.9981, Volume Similarity = 0.9963). Then, 

eaCSF was subsequently derived from the CSF mask by manually removing the ventricles and 
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regions below the anterior commissure – posterior commissure line 

(https://www.itksnap.org/pmwiki/pmwiki.php, version 3.6). 

PVS Segmentation 

Regarding PVS segmentations, an automated approach was chosen using (Weakly 

supervised perivascular spaces segmentation with salient guidance of Frangi filter)  (WPSS) with 

salient guidance of the Frangi filter algorithm as developed by Lan et al (346). WPSS integrates the 

Frangi filter method with a U-Net architecture enhanced by conditional random field theory, 

resulting in an end-to-end segmentation tool with hyperparameters optimized during training. In 

this study, we employed the WPSS model as trained by Lan et al. This tool effectively identifies 

vessels and tubular structures while excluding cysts and other white matter lesions, such as 

germinal matrix hemorrhages. The EPC images (i.e., multi-contrast images generated by 

combining pre-processed T1w and T2w images to enhance the contrast between PVS and 

surrounding WM) were used as input to the WPSS algorithm for PVS segmentation. However, 

WPSS might incorrectly classify ventricular horns as PVS, resulting in an overestimation of PVS 

variables. To address this, a neuroradiologist (NA; 14 years of experience) reviewed the 

segmentations, and manually removed all erroneously identified PVS (e.g., along the occipital 

ventricular horns). Furthermore, since the tool struggles to accurately detect very large PVS 

(Figure 6-8 S4 in the supplementary materials), these missed PVS were also manually segmented 

by the same neuroradiologist and included in the analysis. Manual segmentation was performed 

using ITK-SNAP (https://www.itksnap.org/pmwiki/pmwiki.php, version 3.6). 

The WM-PVStot variables were quantified both for the total WM and for each subregion 

(temporal, frontal, occipital, limbic, parietal, and deep WM). The volume fraction (VF) of PVS was 

calculated as the ratio of the PVS volume within a region to the total volume of that region. 

Subregional  (WM-PVSsr) count was normalized by the total PVS count and expressed as a 

percentage. If a PVS was found in two different adjacent subregions, it was decided to include 

them in both regions to calculate the WM-PVSsr count.  Since PVS are located in WM, their volume 

was normalized for total WM volume (WM-PVSvoln). eaCSF volume was also normalized for total 

WM volume (eaCSFvoln). Interhemispheric comparisons were also performed.  

Statistical Analysis 

All statistical tests were conducted using R software (version 4.3.1; https://www.r-

project.org/). The GLM statistics were conducted using Python (version 3.8.10; 

https://www.python.org/), To address the difference in parameter settings during the acquisition 

of 3D-T1w images and any impact on the extracted features, harmonization was considered prior 

to analysis. With the aim to remove unwanted scanner effects while preserving associations, 

https://www.itksnap.org/pmwiki/pmwiki.php
https://www.itksnap.org/pmwiki/pmwiki.php
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NeuroCombat (Python version 3.8.10) was employed (367). Age, sex, and all clinical variables (DQ 

and CSS) were considered as covariates. 

Descriptive statistics for the WM-PVSsr count and number obtained from MRI scans of the 

study population were initially computed, with a data distribution check using the Shapiro test. 

The Friedmann test was then employed to compare the medians of PVS variables across different 

WM subregions described above. For significant results, post-hoc pairwise comparisons were 

conducted using the Wilcoxon test.  

To investigate the potential impact of disease severity, age, and brain derived volumes 

(WM, GM, CSF and eaCSF) on the extracted PVS variables, we performed a generalized linear 

model (GLM) analysis. We set the PVS features (either volume or count) as dependent variables, 

whereas other imaging-derived measures (eaCSF volume), demographic (age), and clinical data 

(DQ and CSS) were set as independent variables. Sex was excluded due to the highly unbalanced 

dataset (male/female: 59/7). A backward selection approach was chosen to improve model 

interpretability while accounting for possible interactions among the pool of potential predictors. 

The most parsimonious model  explaining the PVS variables was determined using the Akaike 

Information Criterion (AIC) (368).  A p-value <0.05 was considered statistically significant (2-

sided) for all statistical analyses.   

Furthermore, a post-hoc GLM analysis was conducted on the subgroup (N=21) of patients 

with normal DQ scores to specifically investigate the effect of ASD. In this model, eaCSF volume, 

DQ, CSS, and age were included as independent variables, with PVS count as the dependent 

variable.  
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Results 

Patient characteristics 

The final study cohort included 66 patients (male/females: 59/7) with a diagnosis of ASD. 

Average brain morphological volumes are reported in Table 6-2. (Figure 6-5 S1 in Supplementary 

Materials). 

Table 4-2 Volume of Brain structures of interest 

Brain structure 
Volume [cm3] 

(mean ± std) 

Intracranial volume (ICV) 1327.8 ± 119.6 

White Matter (WM) 339.7 ± 41.8 

Cortical Gray Matter (cGM) 606.9 ± 57.4 

Cerebrospinal Fluid (CSF) 149.9 ± 26.3 

Extra-axial CSF (ea-CSF) 79.7 ± 15.8 

Perivascular Spaces (PVS) 4.3 ± 1.2 

 

Descriptive Statistics for PVS 

Distribution of PVS variables in both total WM and WM subregions is shown in Table 6-3 and 

the Shapiro test indicates that they do not follow a normal distribution. The Friedman test 

revealed A significant region effect in WM-PVSsr count across the six subregions of interest was 

observed. Post-hoc analysis indicated that WM-PVSsr count was significantly higher in the frontal 

region and significantly lower in the temporal region compared to all other subregions (Figure 6-

3). No significant differences between the left and right hemispheres were found (Figure 6-6 S2 in 

the supplementary materials). 
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Table 4-3 PVS distribution in both total WM and WM subregions 

 PVS count PVS VF** [%] 

Total WM*  995.4 ± 365.5 1.3 ± 0.4 

Deep WM 21.0 ± 4.3 % 2.2 ± 0.7 

Frontal 29.4 ± 4.2 %  2.0 ± 0.9 

Limbic 14.8 ± 2.5 %  1.5 ± 0.5 

Occipital 15.5 ± 3.1 % 1.4 ± 0.6 

Parietal 19.7 ± 3.0 % 2.1 ± 0.8 

Temporal 10.3 ± 2.3 % 1.5 ± 0.7 

*WM: white  matter 

**VF: volume fraction  (PVS volume in a region divided by the region volume) 
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Figure 4-3 PVS count distribution in WM regions. The percentage of PVS is significantly higher in 

the frontal region and lower in the temporal region. X: Outliers; ***: Significant difference with p < 

0.0001 (Bonferroni corrected). WM: white matter, PVS: perivascular spaces. 

A significant regional effect was observed for PVS VF. Specifically, PVS VF as a percentage 

was significantly lower in the temporal region with respect to all subregions. It was also 

significantly higher in deep WM with respect to all subregions except for parietal WM (Figure 6-4). 

As with WM-PVSsr count, no significant differences were found between the left and right 

hemispheres for PVS VF (Figure 6-7 S3 in the supplementary material). 
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Figure 4-4 PVS VF in WM regions.The percentage of PVS VF is higher in the deep WM region 

(showing no statistically significant difference with respect to the parietal region) 

and lower in the temporal region. p- values are Bonferroni corrected. X: Outliers; 

***: Significant difference with p < 0.0001. WM: white matter, PVS: perivascular 

spaces, VF: volume fraction.Generalized Linear Models 

For PVS count, the backward model selection procedure was identified as the best GLM 

model, including DQ, CSS, and eaCSF as independent variables (F-stat = 54; Table 6-4). 

Considering the identified model, the GLM indicated that DQ (β = 0.0089) and eaCSF (β = 0.0082) 

were significantly and positively associated with an increased PVS count, while CSS (β = -0.0174) 

had a negative effect. These findings indicated that DQ, eaCSF, and CSS explained 0.07%, 

14.50%, and 0.76% of the variance in PVS counts, respectively. The model demonstrated a 

pseudo-R² of 0.16, indicating that 16% of the variability in predictions can be explained by the 

included variables. 
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Table 4-4 Characteristics of the best GLM explaining WM-PVS count 

WM-PVS count Coefficient Std error z-statistic p-value 

Intercept  6.2919 0.026 243.602 < 0.000001 

IQ* 0.0087 0.004 2.347 1.89e-2 

CSS** -0.0155 0.002 -6.864 <0.000001 

ea-CSF*** 0.0088 0.000 37.220 <0.000001 

*IQ: Developmental delay   

** CSS: Clinical Severity Score (metric to assess the severity of autistic symptoms) 

*** ea-CSF: extra-axial cerebrospinal fluid 

The average WM-PVStot volume was 5.5 ± 1.2 cm3 (median: 5.2 cm3, min = 3.6 cm3, max = 

9.0 cm3). The optimal GLM model identified WM-PVSvoln as a function of eaCSFvoln (F-stat = 6.3). 

Model parameters are summarized in Table 5. Specifically, GLM indicated a direct association 

between eaCSFvoln and WM-PVSvoln (β = 0.0242). A one-unit increase in eaCSFvoln corresponded to 

-1.12% regarding increases in WM-PVSvoln. 

Post-hoc analysis in the subgroup of patients with normal DQ scores showed a significant 

negative correlation between the PVS count and CSS (Table 6-5 S2 in Supplementary Material). 
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Discussion  

In this study, we applied WPSS, a recently developed automatic PVS segmentation tool, 

together with visual inspection and manual correction steps (346), to segment PVS in children 

that were diagnosed with ASD, with the aim of characterizing the PVS burden in WM. Our results 

indicated that WM-PVStot count is significantly associated with DQ, clinical severity, and eaCSF 

volume, whereas WM-PVSvoln was significantly associated with eaCSFvoln. We also observed that 

while frontal WM had the highest percentage of PVS, the VF of PVS in this region was not elevated 

with respect to other WM regions. The lowest percentages of both WM-PVSsr count and VF were 

observed in the temporal regions.  

The GLM analysis indicated that PVS count and volume were associated with an increased 

volume of eaCSF in our cohort. The concept of eaCSF was first introduced by Shen et al.and refers 

to the volume of the subarachnoid space above the Sylvian fissures (353). This excludes the CSF 

in the ventricles and basal cisterns. Previous work showed that eaCSF volume was elevated in 

children (6-24 months old) at high familial risk of ASD, who later developed ASD compared to 

infants with high familial risk but who did not develop ASD (353,369). Furthermore, previous work 

found that children with ASD in the age range of 2 to 4 years also had higher eaCSF with respect 

to neurotypical children  (370). The authors suggested that increased eaCSF volume may serve 

as an early biomarker for abnormal brain development in infancy (370). However, another study 

found no significant differences in eaCSF between neurotypical and ASD individuals aged 3 to 42 

years (371). The first three years are crucial for brain development, influencing various aspects 

such as WM growth, cortical thickness, closure of cranial sutures, formation of meningeal 

lymphatics, and the maturation of arachnoid granulations (235,372,373) . The discrepancies in 

literature regarding eaCSF volume may be explained by the different patient populations 

examined (e.g., in terms of age) (369–371) . Furthermore, PVS are closely linked to waste and CSF 

drainage pathways in the brain, such as the glymphatic system and the intramural periarterial 

drainage pathways, and are considered MR biomarker of several neurodegenerative and 

neuroinflammatory diseases in the adult human brain. An elevated number of PVS has been 

shown to be directly linked to CSF flow dynamics (374). Our results are in accordance with 

literature that shows a direct correlation of PVS numbers with an increased volume of eaCSF in 

infants with high familial risk of ASD and toddlers with a diagnosis of ASD. The authors suggested 

that malabsorption of CSF could lead to an increase in the number and volume of PVS, especially 

noticeable once the cranial sutures are closed (153). Several other developmental processes 

could also account for our findings. These include the maturation of arachnoid granulations 

during the first few years of life, and the physiologic development of meningeal lymphatics in the 

parasagittal dura, possibly leading to impaired CSF drainage in ASD and stagnation of fluid within 

the PVS.  
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Two prior studies have evaluated PVS in children with ASD (153,338). Garic et al. conducted 

visual assessments to determine the presence of PVS in infants at high familial risk for ASD, while 

Sotgiu et al. employed a combination of filtering and intensity-based segmentation tools on 2D 

images from a 1.5T scanner in children with ASD within the age range of 2 to 7 years. The study by 

Garic et al. found a significantly higher prevalence of PVS in infants at high risk for developing ASD 

and who later developed ASD compared to infants who had a high risk of developing ASD but did 

not develop ASD and to infants with low likelihood to develop ASD (353). In contrast, Sotgiu et al. 

found no significant differences in PVS count between children with ASD and neurotypical 

children, but they observed a significantly higher PVS count in children with ASD younger than 4 

years compared to those above 4 years (338). The discrepancies between the two studies may 

stem from differences in patient cohort, methodology and the different age groups examined 

(153,338). One study focused on infants at high or low familial risk for ASD, whereas the study by 

Sotgiu et al. examined children with a confirmed ASD diagnosis (338,353). The age differences 

between participants in these previous studies are particularly important, as the brain undergoes 

rapid development in the first few years of life. For instance, WM growth during this period could 

alter PVS visualization. Additionally, myelination maturation may impact tissue contrast on MRI, 

influencing both visual and automated detection of PVS.  

Furthermore, PVS are observed in healthy neonates and typically developing children 

(298,323,375) . Kim et al. used VR scores to assess PVS in neonates, showing grade 1 PVS in BG 

and grade 0 in WM, with preterm neonates exhibiting higher PVS volumes in the BG. Additionally, 

two studies have characterized PVS in healthy individuals over the age of 8 years using semi-

automatic algorithms, both reporting an age-related change in PVS count among those aged 8 to 

30 years. Piantino et al. also demonstrated a high count of PVS in healthy adolescents aged 12 to 

21 years old (298). However, the clinical relevance of these findings in the developing brain is not 

yet well understood. The question of whether the presence of PVS in the developing brain results 

from a compromised clearance pathway, an underlying genetic process, or neuroinflammation 

requires further investigation. In the developing brain and in children with autism, interpretation 

of such markers will require an in-depth understanding and correlations with the development 

trajectories of the choroid plexus, arachnoid granulations, myelination stages, meningeal growth, 

parasagittal dura, and neurodevelopmental molecular mechanisms (373,376,377). 

Only the PVS count in children with ASD was found to be associated with the DQ and 

inversely related to the severity of the disease (as assessed by CSS). In this regard, PVS counts 

are inheritable and may have a genetic basis. Additionally, a recent genome-wide association 

study has demonstrated a correlation between an increased number of PVS and genes 

associated with neurodevelopment (378). This may explain the association between more severe 

neurodevelopmental delay and higher PVS counts in ASD.  
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The negative correlation between PVS count and clinical severity is difficult to explain by 

the known effects of age, with an earlier diagnosis of ASD often associated with more severe 

disease (338). Additionally, evidence suggests that disease severity is affected by various factors, 

including neural maldevelopment and altered brain growth trajectories, which should be 

considered in future research (379,380) .   

Our study revealed a non-uniform spatial distribution of WM-PVStot in children with ASD. We 

found significantly higher WM-PVSsr counts in the frontal regions of both hemispheres, while the 

temporal lobe exhibited significantly lower counts. Specifically, PVS VF in the temporal lobe was 

significantly lower, given the low PVS count in this region. However, contrary to what we would 

expect, PVS VF was significantly higher in the deep WM but not in the frontal lobes. Two potential 

explanations could clarify this. First, although the percentage of WM-PVSsr count in the frontal 

region was high, the single spaces may be small, resulting in no significant increase in VF. 

Second, it is possible that there were few PVS but each large enough to increase the total PVS VF, 

such as in the temporal lobe.   

We evaluated the distribution of PVS in six regions of the brain. We found a high number of 

PVS in the frontal and parietal regions, whereas the lowest numbers were found in the temporal 

lobes. Lynch et al. reported a high number of PVS in the frontal regions and lower counts in the 

temporal regions in children above the age of 8 years (297). They found higher PVS VF in the 

cingulate and frontal regions and lower VF was shown in the temporal, inferior frontal, and lateral 

occipital regions (297). Piantino et al. reported similar findings in healthy adolescents (14-18 

years) whereby the highest numbers of PVS were in the frontal and the parietal lobes, while the 

lowest numbers were found in the temporal and occipital lobes (298). In this regard, PVS are 

spaces related to penetrating vessels that are likely arterioles (111). The frontal, parietal, deep 

WM, temporal, and the limbic regions are supplied largely by the middle cerebral artery and the 

anterior cerebral artery, whereas the occipital region is supplied by the posterior cerebral artery 

(381) . The higher burden of PVS in the arterial territories belonging to the middle and the anterior 

cerebral artery in healthy subjects appears intriguing and could be associated with specific 

hemodynamic parameters, arterial wall composition, and arterial pulsatility. Furthermore, 

disruption in the blood-brain barrier permeability that has been implicated in ASD could 

contribute to enlargement of PVS. However, more insights are necessary to explain our current 

findings in the context of ASD and neurodevelopmental disorders. Any correlation with specific 

cognitive domains will necessitate a more specific WM parcellation, which was beyond the scope 

of this work. 

As the demand for detailed quantification of PVS increases, automatic segmentation tools 

are becoming essential for capturing PVS that are not visible to the human eye, thereby facilitating 
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a deeper understanding and analysis of these structures. Different methods have been 

developed, depending on factors such as available computational resources, MRI field strengths, 

and distinct MRI sequences. In this study, the WPSS tool was applied, which employs a weakly 

supervised approach integrating convolutional neural networks (CNNs) with filter-based 

segmentation methods (346). This tool was specifically developed to analyze multi-contrast 

images, enhancing the differentiation between PVS and adjacent WM, and it was evaluated on 

HCP data spanning ages 8 to 90 years. Specifically, WPSS requires 3D-T2w sequences, which are 

not usually part of clinical MRI sequence protocols. As such, 2D sequences acquired in the three 

different planes can be reconstructed to obtain 3D-T2w images, but this development was out of 

the scope of the present study.  

Limitations 

The major limitation is the lack of a control group, which restricts the ability to draw 

definitive conclusions regarding the differences in PVS characterization between children with 

ASD and typically developing children. By comparing PVS variables between children with ASD 

and a control group, we could better isolate the specific effects of the condition. However, there 

is a relative vacuum of MRI data in the literature, and public data repositories lack 3D-T2w images 

that were necessary to apply WPSS in children under 5 years of age. In addition, gathering MRI 

data in children under 5 years of age even without sedation requires specific research setups 

(382). Successful implementation of MRI during deep sleep in young children is possible, however 

this requires the creation of a specific ambiance and modification of the MRI protocol to allow for 

a shorter duration of the scan. Such scanning poses ethical and practical challenges on our 

studies. Additionally, all children with ASD in our study were sedated. While we do not expect 

structural changes in PVS during a brief 30-min MRI scan under sedation, there is no existing data 

on the effects of sedation or deep sleep on PVS counts and volumes, which adds to the 

complexity of the study. While obtaining MRI data from this vulnerable population is challenging, 

it is crucial that such populations are not excluded from clinical research.  

We also recognize the limitation of the small sample size. The limited number of 

participants for each sub-category of autism severity and DQ may impact the statistical power 

and generalizability of our findings. Therefore, further studies with larger and independent groups 

are necessary, and future research should focus on longitudinal studies to investigate the 

developmental trajectory of PVS in children with ASD. Concerning sex, our cohort exhibited a 

strong bias towards male children, reflecting the fact that ASD is a male-dominant 

neurodevelopmental disorder. While our study did not detect any sex-related effects, we cannot 

rule out their presence, as the imbalance in sex may have masked such findings. Our cohort 

included only two subjects born preterm (at 34 and at 36 weeks of gestation). However, after 
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performing outlier detection, neither the PVS volume nor the PVS count showed any outliers for 

these two subjects. Furthermore, in this retrospective study, gene-specific data was not 

collected. The role of genes in determining PVS numbers therefore cannot be excluded. 

Additionally, it is important to recognize that both the VR scale and automatic segmentation tools 

can only offer an estimate of the actual number of PVS. For studies to be comparable and provide 

meaningful clinically relevant findings , current PVS segmentation tools must be validated against 

the reference standard (i.e., VR scale) to provide a more robust evaluation of segmentation 

accuracy and reliability. WPSS was used for the first time in a pediatric cohort without any specific 

fine-tuning o re-training steps. WPSS cannot reliably segment very large PVS or accurately 

distinguish linear shaped ventricular horns most prominent in the frontal and the occipital 

regions. All automatically segmented masks were therefore also manually refined by an 

experienced neuroradiologist and results obtained were not different from those derived from 

WPSS alone.  

Conclusion 

In this study, we used a multi-contrast, deep learning-based segmentation tool with 

manual correction for PVS analysis to investigate relationships between PVS variables and CSF 

volume in children with ASD in the age group of 2 to 8 years, and explored the spatial distribution 

of PVS in WM. The number and volume of PVS in WM in children with ASD may be associated with 

the volume of eaCSF and the severity of developmental delay.  
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Supplementary Material 

 

 

Figure 4-5 S1 Age-related trends of brain morphological variables.a) intracranial volume (ICV), 

b) white matter (WM), c) cortical gray matter (cGM), d) cerebrospinal fluid (CSF), e) extra-axial 

cerebrospinal fluid (ea-CSF), and f) ventricles. The best fitting models for each variable are 

reported as trend lines with 95th confidence interval: exponential for ICV, logarithmic for WM and 

cGM and constant for CSF, ea-CSF and ventricles. Correlations are quantified using Kendall 

correlation coefficient (R) and p-value (p). A significant increase in ICV, WM and cGM with age 

was observed, consistent with existing literature on healthy children. 

 

   * * * 
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Figure 4-6 S2 PVS count distribution in left and right hemispheres (WM-PVSsr). No significant 

differences between the two hemispheres were observed (p>0.05). 

x: outliers 
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Figure 4-7 S3 Distribution of PVS VF in the left and right hemispheres. No significant differences 

between the two hemispheres were observed (p>0.05). 
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Figure 4-8 S4 Limitation of the applied algorithm. First row (left to right): example of EPC, T2w 

and T1w images from a random subject. Second row (left to right): very large PVS were not 

segmented in the studied population. Given this limitation, we chose to manually segment 

enlarged PVS. 
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Table 4-5 S1 Patient Demographics and Clinical Characteristics, stratified by sex 

Patient Demographics and 

Clinical Characteristics 
Males (n = 59) Females (n = 7) 

Age (years) 

(mean ± std) 
4.73 ± 1.45 4.14 ± 1.47 

DQ-class* 

(number) 

Normal (n = 20) 

Mild (n = 17) 

Moderate (n = 10) 

Severe (n = 12) 

Normal (n = 1) 

Mild (n = 4) 

Moderate (n = 0) 

Severe (n = 2) 

CSS** 

(number) 

4 (n = 5) 

5 (n = 6) 

6 (n = 15) 

7 (n = 12) 

8 (n = 6) 

9 (n = 8) 

10 (n = 7) 

4 (n = 0) 

5 (n = 1) 

6 (n = 1) 

7 (n = 2) 

8 (n = 1) 

9 (n = 2) 

10 (n = 0) 

 

GLM considering only patients with a normal DQ 

Subject: N = 21, M/F = 20/1 

The model remains significant (p < 0.000001), with a negative beta coefficient for CSS. The model 

parameters are reported in Table S2. 

Model: PVS count ∼ const + CSS + ea-CSF 
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Table 4-6 S2 Characteristics of GLM model 

Model Observations: 21 

Degrees of freedom for residuals: 19 

Degrees of freedom for model: 2 

PVS count Coefficient Std error z-statistic p-value 

Intercept 7.64 0.049 147.134 0.000 

CSS* -0.0675 -0.005 -11.226 <0.000001 

eaCSF** -0.0001 0.000 1.693 <0.5 

* CSS: Clinical Severity Score (metric to assess the severity of autistic symptoms) 

** eaCSF: extra-axial cerebrospinal fluid 
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Chapter 5 Paper 4: Parasagittal dural volume 

correlates with cerebrospinal fluid volume 

and developmental delay in children with 

autism spectrum disorder. 

 

This chapter is the Accepted Manuscript of the published version that appears in its final form in 

Communications Medicine. The full reference is: Nivedita Agarwal, Giulia Frigerio, Gloria Rizzato, 

Tommaso Ciceri, Elisa Mani, Fabiola Lanteri, Massimo Molteni, Roxana O. Carare, Letizia Losa, 

Denis Peruzzo; Communications Medicine 2024: 1-9 The original content of the article has not 

been changed but the formatting has been slightly tweaked for easier readability. To access the 

final edited and published work see 10.1038/s43856-024-00622-8” (377)  

 

Abstract   

Background The parasagittal dura, a tissue that lines the walls of the superior sagittal sinus, acts 

as an active site for immune-surveillance, promotes the reabsorption of cerebrospinal fluid, and 

facilitates the removal of metabolic waste products from the brain. Cerebrospinal fluid is 

important for the distribution of growth factors that signal immature neurons to proliferate and 

migrate. Autism spectrum disorder is characterized by altered cerebrospinal fluid dynamics.  

Methods In this retrospective study, we investigated potential correlations between parasagittal 

dura volume, brain structure volumes, and clinical severity scales in young children with autism 

spectrum disorder. We employed a semi-supervised two step pipeline to extract parasagittal 

dura volume from 3D-T2 Fluid Attenuated Inversion Recovery sequences, based on U-Net 

followed by manual refinement of the extracted parasagittal dura masks.  

Results Here we show that the parasagittal dura volume does not change with age but is 

significantly correlated with cerebrospinal fluid (p-value=0.002), extra-axial cerebrospinal fluid 

volume (p-value=0.0003) and severity of developmental delay (p-value=0.024).  

Conclusions These findings suggest that autism spectrum disorder children with severe 

developmental delay may have a maldeveloped parasagittal dura that potentially perturbs 

cerebrospinal fluid dynamics.   
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Plain language summary 

Cerebrospinal fluid (CSF) is produced in the brain. It is a medium of transport for neural growth 

factors and waste products. CSF is drained out of the brain through multiple pathways, one of 

them being the recently identified parasagittal dura (PSD) which also plays a role in the immune 

system within the brain. We estimated the PSD volume in children with autism spectrum disorder 

(ASD) and found the volume was associated with the amount of CSF in the brain. We also found 

that the PSD volume is smaller in children who have severe forms of developmental delay. Our 

findings suggest problems in the development of the PSD could have in impact on brain 

development and waste removal in children with ASD. More research in this area could enable a 

better understanding of the underlying causes of ASD. 
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Introduction  

The parasagittal dura (PSD) is a parasinus tissue located along the exterior walls of the 

superior sagittal sinus(97). The PSD hosts meningeal lymphatic channels, stromal elements, 

immune cells, and arachnoid granulations (63,65,249,383). Recent experimental studies 

demonstrate that this dura-arachnoid tissue serves multiple roles: acts as a conduit for the flow 

of cerebrospinal fluid (CSF) towards meningeal lymphatics (MLs), facilitates elimination of 

metabolic waste from the brain and plays a pivotal role in brain immune-surveillance 

(2,190,250,384,385). PSD contains diverse immune cell subsets actively monitoring for cerebral 

antigens that find their way into peripheral lymph nodes (251,386).   

There are few studies that have employed magnetic resonance imaging (MRI) to quantify 

the volume of PSD in adults (98,387,388). PSD volumes increase during lifespan which is likely a 

compensatory response to age-related impairment of the lymphatic drainage and MLs (387–389).  

In patients with Alzheimer’s disease, PSD volume was directly correlated with greater load of 

amyloid beta deposition in the brain parenchyma, suggesting that a hypertrophic PSD reflects 

altered dynamics in neurofluids and poor waste clearance (390).   

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental disorder characterized 

by heterogeneous manifestations of symptoms. These include stereotypical behaviors, social 

and communication skill deficits (391). Epidemiologic studies suggest that the prevalence of ASD 

is increasing worldwide estimated at 27.6 per 1,000 children (392). The increase in prevalence is 

likely a combination of enhanced diagnostic criteria but also the presence of more recently 

discovered epigenetic and multiple environmental factors. The etiology of ASD remains largely 

elusive with both genetic and environmental factors being variably involved in the expression of 

ASD phenotype (391,393,394).   

Some evidence suggests that CSF dynamics are disrupted in ASD, potentially due to an 

imbalance between CSF production and absorption(151,353). Furthermore, several studies have 

suggested that immunological dysregulation in children with ASD initiates a subtle 

neuroinflammatory process that hinders typical development of the central nervous 

system(140,395).   

MRI is a non-invasive tool to study the anatomy, biochemistry and function of the brain. 

While diagnosis of ASD is based mostly on clinical scales, an MRI is usually requested to rule out 

structural or organic etiologies of cognitive dysfunction(149). To date, no studies have evaluated 

PSD in the developing brain. Our objective was to delineate PSD within our in-patient ASD cohort 

and explore potential correlations between PSD volume, brain tissue volumes, and clinical 
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severity scales in ASD by utilizing a semi-automatic segmentation pipeline including a 

convolutional neural network and manual refinement.  Our results suggest that PSD volume does 

not change with age but is significantly correlated with CSF, extra-axial cerebrospinal fluid 

volume and severity of developmental delay in patients with ASD.  

Ethical approval: This retrospective study was approved by the IRCCS Eugenio Medea 

Institutional Review Board (Protocol No. 1022) and written informed consent was obtained from 

all legal representatives (parents or legal guardians) of the children.   

Study participants: Children clinically diagnosed with ASD were selected for this study. The 

diagnosis was conducted by a multidisciplinary team at the Child Psychopathology Unit of the 

Scientific Insitute IRCSS E. Medea (Bosisio Parini, Italy), according to DSM-5 criteria (American 

Psychiatric Association, 2013. Diagnostic and statistical manual of mental disorders. Fifth 

edition. Washington, DC: American Psychiatric Association) and regardless of the presence of 

global developmental delay or intellectual disability. The diagnostic instruments employed 

included the Autism Diagnostic Interview – Revised (ADI-R)(357)  administered to parents and the 

Autism Diagnostic Observation Schedule - second edition (ADOS-2)(358)  conducted with the 

child. The Calibrated Severity Score (CSS) was employed as a metric for assessing the severity of 

autistic symptoms(359,360). The scale ranges from 1 to 10, classifying severity into three 

categories: 1-3 for non-spectrum, 4-5 for autism spectrum disorder, and 6-10 for autism. IQ was 

assessed using either the Wechsler Intelligence Scale for Children (WISC-IV)(396)or the 

Wechsler Preschool and Primary Scale of Intelligence - III (WPPSI-III)(396)  selecting the test 

based on the child's age and cognitive-linguistic abilities. For children unable to complete these 

tests due to lack of cooperation, age, or absence/difficulty with language we conducted a 

psychomotor development assessment using the Griffiths Mental Development Scales (cGMDS-

ER)(361). IQ score were further grouped in four classes: normal (>70), mild (50-70), moderate (35-

49) and severe (20-34). This classification was preferred over the use of a continuous variable 

because we believe that global functioning is a variable that correlates better with 

neuroradiological data than small numerical variations within the functioning class.  As part of 

the clinical diagnostic process, all children underwent brain MRI examinations, as well as 

etiologic instrumental investigations, such as electroencephalograms and genetic tests, 

between January 2022 and March 2023. The initial clinical sample consisted of a total of 67 

patients with a diagnosis of ASD. The following criteria led to the exclusion of patients from the 

study: (1) age less than 2 or greater than 8 years and; (2) reduced MRI quality. As a result, this 

retrospective study included a total of 56 children.   

MRI acquisition protocol: All our participants were sedated with continuous intravenous infusion 

of propofol. MRI data were acquired on a 3T scanner (Achieva dStream; Philips Medical Systems) 
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with a 32-channel head coil at the Diagnostic Imaging and Neuroradiology Unit of the Institute. 

The MRI protocol included two anatomical sequences: a) 3D-T1 weighted (3D-T1w): sagittal 

scanning plane; repetition time (TR) = 8,3 ms; echo time (TE) = 3,9 ms; echo train length 

(ETL) = 256; flip angle = 8°; 1 average; 1x1x1 mm3 voxel size. Acquisition time: 5 min and 38 s; b) 

3D T2-Fluid Attenuated Inversion Recovery (3D-FLAIR): sagittal scanning plane; TR = 4800 ms; 

TE = 298 ms; inversion time = 1650 ms; ETL = 167; flip angle = 90°; 2 averages; 1x1x1 mm3  voxel 

size. Acquisition time: 6 min.  

MRI volumetric assessment: 3D-T1w images were processed using an ad-hoc pipeline developed 

in-house which briefly consists in the following steps: (1) brain extraction from the  

acquired images combining multiple tools [BET, ROBEX, ANTS](362,364,366) , (2) bias field 

intensity artifacts correction using the N4BC algorithm(365), (3) rigid registration to MNI 

space(363), and (4) segmentation of the main brain structures with Atropos using the PTBP 

(Pediatric Template of Brain Perfusion) priors(366). From the processed 3D-T1w images the 

following volumes were derived for each child: ICV, CSF, WM and cGM. The ea-CSF was derived 

from the CSF mask by manually removing the ventricles and the component below the anterior 

commissure – posterior commissure line (AC-PC line) (Fig. 7-1) (353) .   

 

Figure 5-1 PSD segmentation criteria on 3D-T2 Fluid Attenuation Inversion Recovery 

sequence.AC anterior commissure and PC posterior commissure. The segmented PSD is 

colored yellow.  
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PSD segmentation and volumetric assessment:  

PSD segmentation was obtained from 3D-FLAIR images as they provide a larger contrast between 

the PSD and the CSF than the 3D-T1w images. Acquired images were processed using the N4 

algorithm to remove any bias field intensity artifact.  In this context, convolutional neural 

networks (CNNs), particularly the U-Net architecture and its variants, have become the state-of-

the-art approach to perform an automatic and user independent segmentation(397,398) . Thus, 

we developed an in house 2D U-Net backbone-based architecture with an intent to facilitate the 

segmentation process(399). Notably, the network was trained on an independent dataset 

including 10 healthy adults (32.6±12.5 years) whose images were manually segmented by an 

expert neuroradiologist. Each participant dataset comprised of at least 150 images for a total 

training set of 2250 coronal images. Validation was performed on 418 coronal images from 2 

healthy adults and the test set comprised of 1941 coronal images derived from 10 ASD children. 

This U-Net was then applied on our cohort of 56 children with ASD. All the resulting segmentations 

were manually refined by the neuroradiologist to correct for erroneous segmentations. The 

performance metrics between the U-Net based automatic segmentation results and the 

manually corrected segmentations are presented in supplementary figures 7-8 S1 and 7-9 S2. The 

U-Net architecture was employed given the constrained training dataset, as implemented in 

previous PSD segmentation studies(398).   

The anterior and the posterior segments of PSD in the very young developing brain are either 

absent or very difficult to disentangle from the surrounding brain structures. Furthermore, PSD 

aspect in the anterior and posterior segments is very different from the central one due to the 

relative inclination of the coronal plane with the PSD skeleton direction. As a consequence, we 

decided to restrict the PSD segmentation to its central components to enhance reproducibility. 

More precisely, we delineated a region of interest for the PSD segmentation by tracing an arc on 

the cranial circumference, subtended by a 60° angle passing through the anterior commissure-

posterior commissure (AC-PC) landmarks (Fig. 7-1). Finally, the volume of the central 

component of the PSD was derived from the segmentation and used as a proxy of the whole PSD 

volume.  

Statistics: This study involved the presence of both continuous (e.g. brain structure volumes, 

age) and categorical variables (e.g. IQ classes, ADOS). Normal distribution of variables was 

verified with the Shapiro-Wilk test and compared using the student’s t-test for independent 

samples. Correlations were determined by Kendall correlation tests. ANOVA test was used for 

assessing differences between groups in categorical variables. Data were analyzed using 

statistical analysis with R setting the significant threshold for the p-value to 0.05 or p-value of 

0.01 in case of Bonferroni correction. In the analysis comparing PSD volume with five distinct 
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cerebral volumes (ICV, WM, cGM, CSF, and ea-CSF), the Bonferroni correction was utilized to 

tackle the issue of multiple comparisons in statistical testing. This correction involved setting the 

p-value threshold at 0.01 (calculated as 0.05 divided by the number of comparisons), ensuring a 

more stringent criterion for determining statistical significance in each individual comparison. 

Results   

Study participants: The study included 56 patients with confirmed ASD diagnosis that met the 

inclusion criteria defined in the Materials and Methods section. The characteristics of the study 

participants are provided in Table7- 1.   

 

Table 5-1 Demographic and clinical characteristics of patients 

 Male (N=48) Female (N=8) 

Age (years) 

Mean ± SD 

 

4.5 ± 1.5  

 

3.9 ± 1.5 

ADOS-2 CSS* Number of patients Number of patients 

● ASD 

● Autism 

● N/A** 

12 

35 

1 

1 

7 

0 

IQ class*** Number of patients Number of patients 

● Normal 

● Mild 

● Moderate 

● Severe 

● N/A** 

12 

11 

9 

15 

1 

0 

3 

0 

2 

3  

*Autism Diagnostic Observatory Schedule – Clinical Severity Score (ADOS-CSS); **N/A = not 

available; ***Intelligent Quotient class.  
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Brain volumetrics and age: The average volumes of intracranial volume (ICV), cortical gray matter 

(cGM), white matter (WM), CSF, extra-axial CSF (ea-CSF) and PSD are reported in Table 7-2. A 

significant age-related increase in ICV (R = 0.28, p-value = 0.00027), WM (R = 0.34, p-value = 

0.0002) and cGM (R=0.18, p-value = 0.049) was observed. In contrast, no significant correlations 

were found with, CSF, ea-CSF and PSD with age, as depicted in Fig. 7-2.   

 

Figure 5-2 Correlation ofage and volume of different brain structures. a intracranial volume 

(ICV), b white matter (WM), c cortical gray matter (cGM), d cerebrospinal fluid (CSF), e extra-axial 

cerebrospinal fluid (ea-CSF), and fparasagittal dura (PSD). The best model fits (logarithmic fit for 

ICV and WM; square fit for cGM and constant fit for all other brain structures) are reported as 

trend line (continuous line) with 95th confidence intervals. Volume/age relationships were 

quantified in terms of Kendall correlation coefficient (R) and p-value (p). Significant age-related 

correla- tions were observed with ICV and WM. After correcting for multiple comparisons no 

significant correlation was found between age and cGM. Number of patients (N) = 56. 
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Table 5-2 Mean volumes of all brain structures 

Brain Structure   Volumes [cm3] (Mean ± SD) 

  Males                             Females 

Cortical Gray Matter (cGM)  599 ± 57 563 ± 112 

White Matter (WM)  358 ± 41 329 ± 101 

Cerebrospinal Fluid (CSF) 219 ± 29 208 ± 43 

Extra-axial Cerebrospinal Fluid (ea-CSF)  114 ± 15 114 ± 27 

Intracranial Volume (ICV)  1471 ± 129 1373 ± 282 

Parasagittal Dura (PSD) 5 ± 1.7 5 ± 2 

 

PSD and brain volumes:  An example of PSD segmentation is represented in Fig. 7-3. The average 

PSD volume was 5 ± 2 cm³. Significant correlations were identified between PSD volume and ea-

CSF volume (R=0.33; p-value=0.0003), CSF volume (R=0.29; p-value=0.002) (Fig. 7-4). No 

correlations were identified between PSD volume and ICV, WM, or cGM (Table 7-3).  

 

Figure 5-3 Example of segmented PSD. The binary mask ofthe segmented PSD structure is 

highlighted in green in the three orthonormal  planes and superimposed to the FLAIR 

sequence used in the segmentation. A 3D render of the cGM and the PSD structure 

is reported in the right panel. 



Chapter 5 

101 

Table 5-3 PSD volume and its correlation with brain morphological variables 

Brain Structure Correlation coefficient  

with PSD volume 

P-value 

Intracranial Volume (ICV) 0.119 0.193 

White Matter (WM) 0.126 0.170 

Cortical Gray Matter (cGM) 0.009 0.921 

Cerebrospinal Fluid (CSF) 0.287 0.002* 

Extra-axial Cerebrospinal Fluid (ea-CSF) 0.330 0.0003* 

*: p-value < 0.01 (after Bonferroni correction for multiple comparisons) 
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Figure 5-4 Correlation between PSD volume, extra- axial CSF (ea-CSF) and CSF. a) Asignificant 

positive correlation was observed between PSD volume and ea-CSF; b) schematic 

representation ofea-CSF (blue) and segmented PSD (green); c) significant positive correlation 

between PSD and CSF; d) schematic representation of CSF (blue) and segmented PSD (green). 

Correlations were calculated using the Kendall correlation coefficient. Number of patients (N) = 

56. 

PSD volume and clinical scores:  PSD volume displayed an overall significant inverse relationship 

with IQ class (p-value = 0.0242, F-value = 3.071; one-way ANOVA) (Fig. 7-5), but not with ADOS-

2 CSS scale (p-value = 0.126, F-value = 2.157; one-way ANOVA). Subsequent post-hoc analyses 

showed only significant difference in the PSD volume between patients with normal and with 

severe IQ deficit scores (p-value=0.022; one-tailed t-test). No other brain structure volume was 

correlated with clinical severity.   
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Figure 5-5 PSD volume distribution in patients with different IQ classes (normal, mild, 

moderate, and severe). The subsequent statistical comparisons (t-test) highlight a significant 

difference in PSD volume between patients with normal (N= 12) and severe (N= 17) IQ class (p-

value = 0.022). Box limits indicate the range of the central 50% of the data, with a central line 

indicating the median value, and data points outside the upper and lower bounds are considered 

outliers. 

 

PSD and ea-CSFvolume correlation in developmental delay: In children with severe 

developmental delay the PSD volume is smaller compared to those with normal IQ, despite 

having the same volume of ea-CSF. In other words, the correlation between PSD volume and ea-

CSF fails to reach statistical significance in children with severe developmental delay (R = 0.103; 

p-value = 0.6), whereas in children with normal IQ this correlation appears to be statistically 

significant (R = 0.515; p-value = 0.02) (Fig. 7-6).  
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Figure 5-6 Correlation between PSD volume and ea-CSF. Children without developmental delay 

(N= 12) present a strong positive correlation between PSD and ea- CSF whereas in children with 

severe developmental delay (N= 17) this correlation does not reach statistical significance. 

Correlations were calculated using the Kendall correlation coefficient 

Discussion  

The role of PSD as a CSF draining pathway is unexplored in both healthy developing 

children and ASD.  We found a robust positive correlation between PSD volume, CSF and ea-CSF 

volume and an inverse relationship between PSD volume and the severity of developmental 

delay, or IQ, in our cohort of ASD children. Severe developmental delay may be a consequence 

of an underdeveloped PSD which is inefficient in draining CSF, contributing thereby to the 

accumulation of toxic substances and promoting subtle neuroinflammatory process often 

associated with ASD(140,143,335). These findings hold importance in light of the growing 

understanding of the role that PSD plays in promoting the drainage of CSF from the brain, in the 

removal of waste materials and in facilitating immune-survellaince(97,140,400). 

The ea-CSF has been described as the CSF space that envelops the cerebral dorsal 

subarachnoid space which contains CSF that is in direct proximity with the cerebral meninges 

and PSD(353). It excludes the ventricular space and the lower or ventral portion of the 

subarachnoid space. Increased ea-CSF volume is a well-documented potential MRI biomarker 

in children with ASD and those at high risk of developing ASD(151,353,369). Our findings add to 

the substantial body of literature that indicate altered CSF dynamics in this population(151,335). 



Chapter 5 

105 

In the traditional model, arachnoid granulations (AGs) are recognized as the primary sites 

of CSF absorption(55). A recent study described five different types of AGs in the adult brain 

possessing different capacities for CSF transfer into MLs(401). AGs typically reach maturity by 

the age of 18 months, but their numbers change over the lifespan(37,244). In some individuals, 

AGs are completely absent without changes in CSF homeostasis, suggesting that there are 

alternative routes to CSF absorption, the PSD being one of them(37,402).   

Age-related developmental trajectories for WM and cGM are well-documented in typically 

developing children with cGM showing an inverted U-shape growth trajectory compared to the 

WM that continues to increase till early adulthood(403,404). In our cohort, WM, cGM and ICV 

volumes increased with age. This closely mirrors the developmental trajectories reported in a 

large longitudinal study on children with ASD and normally developing children(405). Structural 

organization of the brain tissue and the maturation process of CSF production and absorption 

pathways in the developing brain are thought to affect CSF volume trajectories with age(406). 

Recent works suggest that beyond the age of 4 years, no change in ea-CSF is observed in children 

with ASD(407,408). Our work also confirms that the volume of ea-CSF does not change with age. 

The development of meninges in the postnatal period reveals that MLs, including the 

meninges and the calvarium, continue to develop postnatally(188,373). Although a few studies 

have explored PSD volume in healthy adults and individuals with neurodegenerative conditions, 

the PSD volume in both typically developing children and those with ASD has yet to be explored 

in the literature. Melin et al. (2023) reported a PSD volume of 4.19 ± 2.07 cm3 in a heterogenous 

group comprising healthy adults and individuals with CSF disorders, whereas Song et al. 

reported an average PSD volume of 11.85 ± 2.16 cm3 among adults diagnosed with Alzheimer's 

disease (98,390). Therefore, although direct evidence is lacking, the growth trajectory of the PSD 

in the developing brain is expected to follow the growth of the meninges, the dural venous system 

and the calvarium in early childhood(409).  The volume of PSD did not correlate with the volumes 

of WM, cGM, or ICV but it strongly correlated with the volumes of CSF and ea-CSF. Although we 

report findings on children, they align with existing literature that have utilized similar deep 

learning-based algorithms to derive PSD volumes in adult humans over the age of 20 years(387–

389). These results further emphasize the crucial role of PSD in the exchange of CSF from the 

dorsal subarachnoid space.   

In our study, PSD volume did not correlate with cGM or WM volumes(387,388). Again, this 

finding is in line with literature on adults in which PSD volume was not correlated to age-related 

brain atrophy rather only with CSF volume, underscoring the important link between CSF and 

PSD(389). In a separate study involving patients with Alzheimer's disease, PSD volumes were 

significantly correlated with an increasing burden of amyloid beta deposition with no significant 
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correlation observed with overall brain atrophy(390). Furthermore, while studies in human adults 

reveal a significant positive association between PSD volume and age, in our study no age-

related effect on PSD volume was observed notwithstanding changes in aforementioned brain 

volumes over age. Further studies are required to fully comprehend the normal development of 

PSD in the developing brain. In addition, there is little understanding of the relationship between 

PSD volume and its CSF draining capacity in very young children and needs further investigation.    

Another noteworthy finding in our study is the inverse relationship between PSD volumes 

and IQ scores among children with ASD. This observation implies that children with severe 

developmental delay also have a smaller PSD compared to children with normal IQ. The recent 

discoveries of the role of PSD and the MLs may shed some light on CSF dynamics that are altered 

in ASD(65,97,250,400). The hypotrophic PSD in ASD chidren with severe developmental delay 

may harbour hypoplastic MLs, initiating a chain of events that hampers CSF drainage, leads to 

accumulation of cerebral toxins, and triggers neuroinflammatory processes affecting brain 

development(410). Although an inverse relationship was found between PSD volume and the 

degree of developmental delay, it is noteworthy that CSF volume remains constant across 

various IQ levels (Fig.7-7).  No correlations were found with ADOS-2 CSS scale.  

 

Figure 5-7 Schematic representation of the parasagittal dura (PSD) in the coronal section in 

children with normal and severe IQ class. In the left panel, a normal- appearing PSD is 

represented whereas in the right panel, an underdeveloped PSD is noted. Note that in both 

figures the volume of CSF remains constant. Black arrows represent the direction of movement 

of CSF. SSS: superior sagittal sinus.It is well-known that PSD is not the only pathway for CSF 

efflux. Since the ea-CSF volume remained constant in children with normal and severe 

developmental delay, it is likely that CSF drains more effectively through other CSF-draining 

pathways. Previous investigations have underscored the primary involvement of the PSD in 

neuroimmune functions, positing its role in CSF drainage as secondary. It is important to note 

that our study cohort predominantly consists of children with moderate to severe ASD, which 

limits our ability to establish meaningful correlations with milder forms of the condition. On the 

contrary, our discoveries unveil a Pandora's box, suggesting that the investigation of MLs in ASD 

could potentially unlock neuroinflammatory process and altered CSF homeostasis in ASD.   
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Meningeal cells play crucial roles in guiding the development of ventricular radial glial 

cells, ensuring proper neuronal development, and are heavily involved in neuro-immune 

functions(411). While the specific origin of PSD is unknown, it is likely that this tissue contains 

meningeal cells and meningeal stroma, as it lies within the two layers of the dura mater. 

Meningeal neural progenitors migrate through multiple pathways within the brain parenchyma, 

contributing to cortical development, guiding neuronal connectivity, and forming membranes 

that delineate perivascular spaces around penetrating arterioles(412,413). Findings from 

16p11.2 mouse models of ASD clearly identify that endothelium is dysfunctional and affects 

stability of blood vessels. This contributes to behavioural changes specific to ASD. Proper 

angiogenesis is also fundamental for optimal neurogenesis(414). Anomalies in meningeal tissue 

development during early stages of life, potentially influenced by genetic or epigenetic factors, 

may also contribute to established neuronal dysconnectivity in ASD. Our study suggests that PSD 

is underdeveloped in children with ASD who suffer more severe developmental delay. While 

additional investigations are necessary, it is proposed that a poorly developed PSD could 

potentially impact developmental processes, promote neuroinflammation leading to 

dysregulation of neuronogenesis and angiogenesis. 

In addition to PSD volumes, dilated perivascular spaces (DPVS) are considered indirect 

markers of obstructed drainage of fluids(227,233,344,415). Only one study has examined DPVS 

in young children with ASD which reports a non-significant increase in the prevalence of DPVS in 

kids with severe form of ASD(338). Our observations add to the literature whereby some form of 

obstruction to the movement of neurofluids may be present in ASD(2).   

Our choice for employing 3D-FLAIR to segment PSD was based on previous initial work 

employing 3D-FLAIR for imaging MLs and quantifying the volume of PSD(63,97,98,252). 3D-FLAIR 

is commonly used in the standard MRI protocol and is readily accessible. Neither contrast-

enhanced T2-weighted black blood sequence nor sub millimetric 3D-T2 weighted sequences 

that have been used in other studies to segment PSD were available in this retrospective 

study(387,388).   

Our research paves the way for exploring newer avenues in the assessment of children with 

ASD, with the aim of identifying MRI markers suggestive of altered fluid dynamics and identify 

treatment strategies. To achieve this, there are several critical steps to consider. Firstly, it is 

essential to establish quantitative measurements of PSD volumes in the developing brain. 

Secondly, the correlation between PSD volumes and serum-based markers of proinflammation 

should be investigated to gain deeper insights into the neuroinflammatory mechanisms involved. 

Thirdly, research into potential genetic alterations in children with ASD that could contribute to 

the underdevelopment of PSD and MLs warrants examination.  
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The primary constraint in our study is the lack of a reference group of typically developing 

children within our specified age range. There are no publicly available datasets in healthy young 

children that have 3D-FLAIR images that was employed for our deep learning algorithm for PSD 

segmentation, following established methods outlined in the work of Melin et al. (98). Large 

datasets on children younger than 5 years is even more scarce. Our institution's primary focus is 

on the diagnosis and treatment of very young children with moderate to severe 

neurodevelopmental disorders, which positions us favorably in acquiring MRI in young children 

with ASD. However, this specialized focus limits our ability to readily assemble a comparable 

group of healthy children. Nonetheless, this study provides greater insight and hope in our 

understanding of this devastating condition on the rise world-wide. Another limitation pertains to 

our sample size. We employed strict recruiting criteria to eliminate confounding factors. This still 

resulted in a sample size sufficient to detect significant associations between PSD volume, CSF, 

ea-CSF volume and IQ class in ASD. A third limitation concerns the PSD segmentation pipeline. 

The scientific community lacks consensus on the methods, procedures, and even the types of 

images to be used for PSD segmentation. To address this, we utilized a cutting-edge 

segmentation method to generate the PSD mask from our images and incorporated a manual 

correction step to rectify any remaining errors. Furthermore, we confined the PSD segmentation 

to its central component to enhance the reproducibility of the process. Nevertheless, it is 

important to acknowledge that each of these choices may have an impact on the ultimate results. 

Lastly, we are aware that sedation can affect the dynamics of neurofluids. Animal research 

studies indicate that glymphatic clearance in the interstitial space increases during natural sleep 

and sedation with ketamine(416). In another study, rats sedated with propofol exhibited an 

expansion of the extracellular space with improved interstitial fluid (ISF) drainage compared to 

other anesthetics like isoflurane(417). While preclinical research suggests that sedation 

positively influences ISF drainage, human studies are lacking. It remains uncertain whether a 30-

minute sedation period in our study would result in significant changes in the PSD volume. This 

would be subject to further investigation. Even if we hypothesize an increased rate of CSF efflux 

into PSD during sedation, we would not expect our results to change because all our patients 

were under the same experimental condition during MR acquisition. Eide and Ringstad 

demonstrated that the rate of molecular clearance via PSD is not affected by sleep but there are 

no studies that determine changes in PSD volume with sleep or sedation in humans or in 

animals(418). Successful implementation of MRI during deep sleep in young children would be 

ideal, however this necessitates the creation of a specific ambiance and modification of the MRI 

protocol to allow for a shorter duration of the scan (419). Such scanning poses practical 

challenges in our research studies, which remain currently difficult to navigate.  

Conclusions   
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This study suggests that an underdeveloped PSD may contribute to the severity of developmental 

delay in children with a diagnosis of ASD. Furthermore, PSD volume correlated only with total CSF 

and ea-CSF volume which validates its role in CSF drainage and strongly supports the emerging 

and ongoing revelation of CSF exchange between the subarachnoid space and the PSD.   
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Supplementary Materials 

 

Figure 5-8 S1 Automatic segmentation masks of PSD overlapped with manually corrected 

masks from ten randomly selected images from the entire cohort. Each example shows cropped 

FLAIR images on the left side, while on the right side, FLAIR images are displayed overlapped with 

both manual and automatic segmentations. Additionally, the DICE-score corresponding to each 

example is presented.  
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Figure 5-9 S2 Histogram and density distribution of DICE-scores, comparing the manually 

corrected segmentation of PSD as the ground truth with automatic segmentation of PSD across 

56 children with ASD. 
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Chapter 6 Paper 5: 3D U-NET for automatic 

segmentation of PSD in children (intention 

to submit) 

This chapter is based on work being prepared for submission to a journal. It delineates methods 

developed to segment the parasagittal dura of children with ASD.  

Abstract  

Background: The parasagittal dura (PSD) is considered to be a site of brain immune-surveillance 

and one of the pathways for drainage of cerebrospinal fluid. PSD is readily visible on magnetic 

resonance (MR) imaging and its volume changes have been associated with brain 

neurodegenerative processes. Different semi-automatic and automatic methods have been 

developed and validated for segmenting the PSD in adult cohorts. However, none of these 

methods are available for segmenting this structure in the developing brain. 

Purpose: In this work, an automatic tool for the segmentation of PSD using 3D-T2 Fluid Attenuated 

Inversion Recovery (3D T2-FLAIR) MR images in the developing brain is proposed. 

Study type: Retrospective. 

Population: 65 children clinically diagnosed with autism spectrum disorder (M/F: 57/8; mean = 

4.57 ± 1.62 years). 

Field Strength/Sequence: 3.0 T 3D-T2 Fluid Attenuated Inversion Recovery and 3D T2-weighted 

sequences. 

Assessment: PSD segmentation from 3D T2-FLAIR sequence by the developed 3D U-Net based 

algorithm. Manual segmentations, performed by a neuroradiologist, are considered as ground 

truth. 

Results: The model achieved a Dice Score Coefficient of 0.85, a volumetric similarity of 0.97 and 

a Hausdorff distance of 22.1. 

Data conclusion: This algorithm represents the first publicly available tool for automatic 

segmentation of PSD in young children with a diagnosis of autism spectrum disorder based on 

standard clinical 3D T2-FLAIR sequence.  

Keywords: deep learning; single-class image segmentation; parasagittal dura; paediatrics; 

autism spectrum disorder; magnetic resonance imaging.  
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Introduction 

Parasagittal dura (PSD) is a mesenchymal stromal tissue which lies within the two layers of 

the dura mater (1). This tissue is generally visible around the superior sagittal sinus and is 

frequently seen on clinical magnetic resonance (MR) imaging acquisitions (2). Little was known 

about the function of PSD until the recent discovery of the meningeal lymphatic network. Several 

studies have described the presence of meningeal immune cells within the PSD (2–5) suggesting 

that this structure is involved in functions such as neuro-immunosurveillance, and in supporting 

central nervous system homeostasis (6–8). In addition, emerging evidence suggests that PSD 

plays a role in the drainage of cerebrospinal fluid (CSF) acting as a sink for metabolic waste (9–

11). 

The evaluation of PSD has recently been proposed through the usage of semi-automatic 

and automatic segmentation tools applied on MR images, allowing the quantification of its 

volume in human adults (12–15). It has been shown that the volume of PSD increases linearly with 

age in healthy adults (12, 16). In a study combining positron emission tomography and MR 

imaging involving a cohort of patients aged between 55 and 80 years, PSD volume was found to 

be related to the degree of severity of Alzheimer’s disease (14). Specifically, subjects with a higher 

deposition of amyloid-beta appear to have a larger PSD (14). The authors suggest that a larger 

PSD may indicate a compensatory response to age-related lymphatic drainage impairment and 

reflect altered neurofluid dynamics and possible presence of neuroinflammation (14, 16). 

Recently, quantification of PSD has been proposed in a paediatric population. A positive 

correlation between the volumes of PSD and CSF and a negative correlation between the volume 

of PSD and the severity of developmental delay were found in a population of children aged from 

2 to 8 years clinically diagnosed with autism spectrum disorder (ASD) (17). The results suggest 

that PSD volume is linked to CSF volume corroborating its role in CSF dynamics (17). The negative 

correlation, however, is a novel finding and it is suggested that PSD might also play a role in 

neurodevelopmental processes.  

Given the importance of PSD and its potential clinical impact in furthering our 

understanding of neurodegenerative, neuroimmunological and neurodevelopmental disorders, 

accurate segmentation of PSD is necessary to determine its volume and to conduct subsequent 

analyses. Therefore, the development of tools that facilitate its segmentation and volume 

quantification appear of cardinal importance. Deep learning architectures have become widely 

used for image segmentation in the medical field due to their capability to learn and identify 

detailed features within images (18, 19). U-Net architecture has proved to be successful for this 

kind of task and, in addition, good segmentation performance can be achieved by considering a 

limited amount of data and the use of data augmentation (20). Different semi-automatic and 
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automatic methods have been proposed to address the segmentation of PSD in a cohort of 

adults. Hett and colleagues (12) introduced a semi-supervised pipeline combining a fully 

connected neural network (FCNN) with voxel clustering based on a Gaussian mixture model to 

classify voxels as either PSD or sagittal sinus using 3D T2-weighted (3D-T2w) MR images. 

Similarly, Song et al. (14) utilized a semi-supervised algorithm that integrates a FCNN for 

segmenting PSD from 3D-T2w MR images. Melin and collaborators (15) developed a semi-

automatic pipeline, employing 3D-T2 Fluid Attenuated Inversion Recovery images (3D T2-FLAIR) 

as input to a 2D U-Net for PSD segmentation, followed by manual refinement. In the study 

performed by Hett et al. (13), a 3D FCNN was trained on individuals aged 11 to 83 years to 

automatically segment PSD from 3D-T2w MR images and was then applied to a cohort of subjects 

ranging from 5 to 100 years. The authors found challenging to accurately determine PSD volume 

in children aged 5 to 10 years, with a tendency to overestimate PSD volume in this age group. In a 

recent work, a semi-automatic 2D U-Net-based tool to extract PSD from 3D T2-FLAIR in a 

population of children clinically diagnosed with ASD (age range: 2-8 years) was successfully 

applied (17). However, as in all previously mentioned semi-automatic segmentation tools, this 

approach required manual post-processing to correct errors in the generated PSD masks. This 

step is time-consuming and introduces both inter- and intra-rater variability (20), thus reducing 

the reproducibility of the studies. In summary, there is not a consolidated and validated method 

to automatically segment the PSD, especially in the context of the developing brain. 

To address this gap, we develop and validate an automatic 3D U-Net-based algorithm to 

segment PSD in young children with ASD. We employed the 3D T2-FLAIR sequence, as it is 

commonly used in clinical practice and included in standard diagnostic protocols. Our ultimate 

goal was to provide both clinicians and researchers with a freely accessible tool for the automatic 

segmentation of PSD in children. 

Materials and Methods 

Ethical approval 

The local Institutional Review Board of our institute approved this retrospective study. Legal 

representatives of all subjects gave their written informed consent prior to participating in this 

study. 

Study Participants 

All participants with an age range of 2-10 years old, clinically diagnosed with ASD and who were 

scanned for diagnostic purposes between July 2021 and September 2023 at our institute, were 

included in this study. Exclusion criteria were i) age under two or over ten years old; ii) MR image 
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of poor quality and iii) MR image positive for other pathologies or malformations. The resulting 

cohort comprised 65 children with ASD in age from 2 to 10 years (M/F: 57/8; mean = 4.57 ± 1.62 

years).  

MR imaging acquisition protocol  

All participants underwent a standardized imaging protocol at 3T scanner (Achieva dStream; 

Philips Medical Systems) with a 32-channel head coil at the Diagnostic Imaging and 

Neuroradiology Unit of the Institute. Sedation was necessary in all patients and was 

administered via a continuous intravenous infusion of propofol, with the dosage adjusted 

according to body weight. Standard MR imaging acquisition protocol includes a 3D T2-FLAIR 

sequence which was used to develop the automatic segmentation tool and a 3D-T2w sequence 

which was used to compare the segmentations obtained through the developed algorithm with 

those proposed by Hett and colleagues (13). 3D T2-FLAIR was acquired in a sagittal plane (Time 

of Repetition (TR) = 4800 ms; Time of Echo (TE)  = 298 ms; inversion time = 1650 ms; echo train 

length (ETL) = 167; flip angle = 90°; 2 averages; 0.5x0.5x0.5 mm3 voxel size; 339x480x480 image 

dimensions; acquisition time: 6 min). The 3D-T2w sequence was acquired with a TR = 2.5; TE = 

195.5 ms; ETL = 117; flip angle = 90; 1 average; 1x1x1 mm3 voxel size. 

PSD segmentation 

PSD was manually segmented by an expert neuroradiologist on the 3D T2-FLAIR images. These 

images were preprocessed using a N4 bias field correction algorithm to correct for intensity 

artifacts caused by the bias field (21). No registration was applied to the preprocessed images for 

two reasons: first, all 3D T2-FLAIR images were acquired with similar orientations, and second, to 

preserve the tissue-contrast ratio, no resampling operations associated with spatial 

transformations were performed. In the developing brain the prefrontal and the occipital regions 

of PSD are highly variable in size and volume, thus to improve reproducibility, the segmentation 

of PSD was restricted to its central components (17). Specifically, the anterior commissure-

posterior commissure (AC-PC) landmarks were manually identified for each subject. 

Subsequently, the region of interest for PSD segmentation was identified by tracing an arc along 

the cranial circumference, subtended by a 60° angle passing through the AC-PC landmarks. 

Manual segmentation of PSD was performed in a 2D framework by a neuroradiologist. The rater 

had the possibility to navigate through different slices, but the drawing was always done in the 

coronal view. This manual approach may introduce slight inconsistencies between consecutive 

slices. To address this, we applied a Gaussian spatial filter with a sigma of 0.6, followed by a 

binarization with a threshold set to 0.4 to the manual PSD masks (22). This process resulted in an 

approximate average 2% increase in PSD volume compared to the raw manually segmented 
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mask. We considered this increase as being of minor importance from a quantitative point of 

view, but rather contributes to a more physiologically accurate 3D representation of the PSD. The 

filtered masks were then used as the ground truth to train the model. Figure 8-1 provides an 

example of the raw PSD manual segmentation and the resulting one after filtering and 

thresholding steps for two subjects. 

 

Figure 6-1 Examples of raw PSD manual segmentation (red) and filtered PSD segmentation (light 

blue) for two different subjects. a), c) sagittal plane views; b), d) axial plane views 

Network architecture and training strategy 

A 3D U-Net-based architecture to segment PSD structure was implemented in MONAI 

(version 1.3.0) (23), a freely available PyTorch-based framework for deep learning in healthcare 

imaging. The U-Net architecture is composed of two parts: a contracting path, also called 

encoder, which compresses the input into a latent-space representation to extract feature maps, 

and an expansive path, also called decoder, where the spatial resolution of the feature maps is 
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increased and the number of features decreases (24). Skip connections are an essential part of 

U-Net: they combine semantic information (of a low-resolution layer) with local information (of a 

high-resolution layer) allowing a better learning of the spatial information. The 3D U-Net was 

configured as a single input channel, five layers starting with 16 filters for the first layer and 

doubling the number of filters in each subsequent layer. A two-strided convolutions residual unit 

was set to downsample and upsample data in the encoder and decoder paths, respectively, with 

a 3x3x3 kernel size followed by batch normalization and parametric rectified linear unit activation 

blocks. All 3D T2-FLAIR images were resampled to a voxel size of 0.5x0.5x0.5 mm³, with pixel 

intensities scaled to a range between zero and one. 

The dataset was randomly divided into training data, validation data, and testing data on 

the basis of approximately 75% (N=49), 10% (N=6), and 15% (N=10) of the entire dataset.  The 3D 

U-Net based model was trained with training data, whereas the validation set was used to 

determine the optimal model for PSD volume segmentation. This model was then applied to the 

test set to evaluate the algorithm’s performance on a new dataset.  

The training was performed in python version 3.10.12 on a GeForce GTX 1080Ti 11.0GB 

graphics processing unit (NVIDIA). To address the limited amount of memory given by the 

hardware, we identified the AC landmark on the sagittal 3D T2-FLAIR plane and subsequently 

cropped below the horizontal line passing through the AC. In other words, the tissue beneath the 

horizontal line was discarded but no part of the PSD was affected (Figure 8-2).  

 

 
Figure 6-2 Example of cropping below AC point. a) AC landmark (red point) identified on 3D T2-

FLAIR on coronal view, b) horizontal line (red line) passing though AC landmark, c) 

cropped image provided as input to the PSD segmentation algorithmData 

augmentation was performed on training data to address the limited number of 

samples and to mitigate overfitting (19). Randomized transformations were taken 

into account, more specifically concerning spatial transformation we applied 
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random drop out where random regions were replaced by zero values, random 

flipping along all three axes, random rotation around the y-axis, and random de-

zooming/zooming. Four 3D patches of 96x96x96 voxels for each patient were 

obtained by the transformation RandCropByPosNegLabel implemented in MONAI 

and were given as input to the net. Training was conducted with optimization on the 

training set and early stopping on the basis of performance against the validation 

set. Optimization was performed with Adam optimizer with a learning rate of 10-4 

and a batch size of two. Dice Loss was employed as a loss objective during model 

training. The best model was saved on the basis of improving performance on the 

validation set, based on DICE score. The overall time required for training was about 

8 hours. Figure 8-3 summarizes the followed workflow. 

 

Figure 6-3  Workflow for 3D PSD segmentation. The pipeline comprises three main steps: 

ground truth manual segmentation, network training and testing. Three metrics were assessed to 

evaluate the segmentation performance of the model: i) DICE score coefficient, measuring the 

voxel similarity between the ground truth mask and the model output mask; ii) volumetric 

similarity coefficient, which considers the volume of the segmentation to indicate similarity and 

iii) Hausdorff distance defined as the maximum distance between any point in the ground truth 

mask and its nearest point in the model output mask, and vice-versa to evaluate contour 

distance. 
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𝐷𝐼𝐶𝐸 𝑠𝑐𝑜𝑟𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡

=  
2 𝑥 𝑛 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠

2 𝑥 𝑛 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠 +  𝑛 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠 +  𝑛 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠
 

 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  

= 1 −
|𝑛 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠 −  𝑛 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠|

2 𝑥 𝑛 𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠 +  𝑛 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠 +  𝑛 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑣𝑜𝑥𝑒𝑙𝑠
 

 

 

𝐻𝑎𝑢𝑠𝑑𝑜𝑟𝑓𝑓 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝐴, 𝐵) =  𝑚𝑎𝑥(ℎ(𝐴, 𝐵), ℎ(𝐵, 𝐴))  

where h(A,B) is called the directed Hausdorff distance and is given by 

 

ℎ(𝐴, 𝐵) =  𝑚𝑎𝑥𝑎𝜖𝐴𝑚𝑖𝑛𝑏𝜖𝐵 ||𝑎 − 𝑏||  

 

All metrics were calculated by the usage of EvaluateSegmentation tool (25). 

A linear regression analysis was performed to examine the differences in the volumes 

between the manually and the predicted segmentations of PSD using R software version 4.3.1.  

To assess the goodness of the developed tool and its performances, both visual inspection 

and quantitative analysis - based on the DICE coefficient and regression analysis - were 

conducted by comparing the segmentation of PSD obtained using our developed tool with the 

only one publicly available (13). As both the proposed and the Hett method were applied on the 

acquired 3D T2-FLAIR and 3D-T2w spaces, a registration operation is required to compare their 

results. In particular, we computed a rigid registration from the 3D T2-FLAIR to the 3D-T2w images 

and applied it to move the 3D T2-FLAIR PSD mask to the 3D-T2w space using a nearest-

neighbourhood interpolation.  

Results 

The results for the DICE score, volumetric similarity coefficient, and Hausdorff distance for both 

the validation and test sets are presented in Table 1. The performance indices are similar between 

validation and test sets, suggesting that the training procedure reached a good generalization 
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level, with the exception of the Hausdorff distance. We further investigated this discrepancy. The 

manual inspection of the predicted PSD masks in the test set, highlighted the presence of few 

voxels belonging to the frontal subcutaneous area in a single subject (subject #3) (Figure 8-4). This 

macroscopic error led to a significant increase in the Hausdorff distance value. However, after 

manual correction, Hausdorff distance greatly reduced (Table 8-1).  

 
Figure 6-4 Worse case example of automatic PSD segmentation (subject #3) in coronal plane 

 

Table 6-1 DICE coefficient, volumetric similarity and Hausdorff distance for validation and test 

sets (reported as mean ± standard deviation). After manually correcting of degraded PSD 

segmentation in subject #3, the mean and standard deviation of the Hausdorff distance in the 

test set greatly improved and is provided in brackets 

 

Metric Validation set Test set 

DICE score coefficient (↑) 0.76 ± 0.03 0.85 ± 0.03 

Volumetric similarity (↑) 0.97 ±  0.01 0.97 ± 0.03 

Hausdorff distance (↓) 11.12 ± 2.84 
22.11 ± 43.77 

(8.58 ± 1.80) 
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Examples of some typical segmentation errors are shown in Figure 8-5. These errors consisted of 

a few voxels near the PSD area that exhibited similar intensity ranges to the PSD but did not belong 

to this structure. 

 

Figure 6-5 Examples of typical errors in predicted PSD segmentations. Panels a), b), c), d) show 

PSD segmentations (light blue) in the coronal plane for four different subjects. Red arrows 

indicate the incorrect segmentations 

Figure 8-6 shows the results of the linear regression (R² = 0.96, F-statistic = 194.6, p-value = 6.75e-

07) between the PSD volume obtained from the predicted masks and the ground truth masks of 

the test set. The regression yielded a slope of 0.88 and an intercept of 0.26. Ideally, the 

parameters of the regression line should match those of the bisector (slope = 1, intercept = 0). It 

can be observed that the predicted PSD volume is generally lower than the ground truth volume. 

By computing the 95% confidence intervals for both regression parameters, we found that the 

interval for the slope includes 1, and the interval for the intercept includes 0, suggesting that the 

regression line is not significantly different from the bisector (see Table 8-9 S1 in Supplementary 

Material). 
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Figure 6-6 Scatter plot of the predicted versus ground truth PSD volumes. The dotted line 

represents the ideal curve (bisector), while the continuous line represents the linear regression. 

m = slope, q = intercept 

Both qualitative and quantitative analyses were performed to compare the results of PSD 

segmentation using our tool with the one proposed by Hett and colleagues (13). The qualitative 

analysis focused on visual inspection of the segmentation results. Figure 8-7 shows an example 

of the segmentations obtained by the two tools considering one random subject from the test set. 

Visual examination of 3D-T2w images reveals poor contrast between PSD and the surrounding 

CSF (which appears bright). However, due to the greater contrast between PSD tissue and the 

surrounding CSF (which appears dark), 3D T2-FLAIR images offer improved differentiation 

between the structures of interest, resulting in an easier PSD delineation. 
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Figure 6-7 PSD segmentations from 3D-T2w and 3D T2-FLAIR. In these figures, PSD is 

represented in chrome yellow for segmentations derived from 3D-T2w, and in light blue in those 

obtained from 3D T2-FLAIR. Panels a), b), c) display three coronal slices from a randomly selected 

subject in the test set. 

The quantitative analysis, which involved the calculation of the DICE coefficient between the 

manual masks (segmented using 3D T2-FLAIR images and registered to 3D-T2w images) and the 

PSD segmentation predicted by the tool of Hett et al. (13) was calculated for each test subject. 

This resulted in a DICE score of 0.56 ± 0.04 (mean ± standard deviation). Similarly, the DICE 

coefficient was computed to compare the PSD segmentations predicted by our developed tool 

with those predicted by the available tool, yielding a result of 0.57 ± 0.03 (mean ± standard 

deviation). 

In addition, a linear regression analysis between the PSD volumes obtained by the two different 

tools was performed (Figure 8-8). The regression (R² = 0.40, F-statistic = 5.37, p-value = 0.04) 

yielded a slope of 0.43 and an intercept of 1.68. Concerning the 95% confidence intervals for both 

regression parameters, we found that the interval for the slope doesn’t include the 1, and the 

interval for the intercept includes 0, suggesting that the regression line is significantly different 

from the bisector (see Table 8-2 S2 in Supplementary Material). 
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Figure 6-8 Scatter plot of the predicted PSD volumes using the available tool versus the one 

developed. The dotted line represents the bisector, while the continuous line represents the 

linear regression. m = slope, q = intercept 

Discussion 

The objective of this study was to provide clinicians and researchers with a freely available 

automatic 3D segmentation tool to quantify PSD volume in young children with ASD using readily 

available 3D T2-FLAIR. To the best of our knowledge, no studies have successfully validated and 

released a methodology to do so in developing brain. To achieve this aim, we implemented a 3D 

U-Net-based pipeline to segment PSD on a very young population of children with ASD, using a 

retrospective database. Segmentation was performed on 3D T2-FLAIR rather than on 3D-T2w 

images largely due to three reasons. Firstly, 3D T2-FLAIR sequences are commonly acquired in 

clinical diagnostic protocols making it valuable for translational studies. 3D-T2w images of high 

resolution are seldom used in a clinic setting defeating the purpose of providing clinicians with 

an easily applicable method to segment PSD. Secondly, the choice of 3D T2-FLAIR was also 

motivated by its larger contrast between PSD and adjacent subarachnoid space with respect to 

clinically acquired 3D-T2w images resulting in an easier identification and manual segmentation 

of PSD structure. And thirdly, initial studies on PSD that established its role in neuroinflammation 

and in CSF drainage were performed on 3D T2-FLAIR (1, 2, 15, 26). However, one of the limitations 

of using 3D T2-FLAIR images is its lack of distinguishing arachnoid granulations (AGs), which are 

clearly visible on 3D-T2w images. The PSD segmentation resulting from 3D-T2 FLAIR includes AGs 
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and therefore may overestimate PSD volume. To this effect, it is worthy to note that neonates and 

children at the age of two years present approximately 0.1 ± 0.3 as the average number of 

granulations in superior sagittal sinus, while an average of 1.2 ± 2.5 are found in subjects aged 10 

years (27). The same authors also report that 75% of the AGs are 4 mm in size in children of 10 

years old. Thus, it is highly likely that the overestimation of PSD volume due to AGs is negligible 

given the limited number and the very small size of AGs in our cohort.  

Focusing on the developed algorithm, it achieved good scores across all three metrics on 

the test set. The observed errors could be automatically and easily corrected by implementing a 

filter based on the spatial distance between the region of interest around the PSD and the 

automatic segmentation. Additionally, the tool was applied to a cohort of 3 healthy children (age 

range: 2-10 years) to qualitatively assess the reliability of the PSD segmentations. Visual 

inspection of the predicted masks yielded promising results without showing evident errors (see 

Figure 8-9S1 in Supporting Information). Thus, the proposed tool could be a reliable starting point 

to automatically segment PSD and to calculate its volume in paediatric population.  

In the comparison between our proposed method to segment PSD from 3D T2-FLAIR 

images with the algorithm available in the literature (13), which considers 3D-T2w images, we 

observed significant differences in performance metrics. These differences can be attributed in 

part to the different imaging parameters of the two datasets used. In 3D T2-FLAIR images we 

observed a higher contrast between the PSD and the adjacent CSF, resulting in an easier and 

accurate identification of PSD structure by our method. In contrast, in 3D-T2w images this 

separation is less pronounced, introducing greater difficulty in correctly identifying the PSD (see 

Figure 8 10 S2a and S2b in Supplementary Material). Image registration represents another factor 

which influenced our performance metrics. The ground truth segmentations were performed on 

3D T2-FLAIR images and then registered to 3D-T2w images to calculate the DICE. This procedure 

ensures correspondence between the two images, but inevitably introduces differences that may 

explain the variation in performance between the methods. Furthermore, our model was 

specifically trained on 3D T2-FLAIR images, giving an advantage in segmentation performance on 

this type of MR sequence. Nevertheless, the difference in performance does not reflect an 

inherent superiority of one method over the other, but rather the different configurations of 3D T2-

FLAIR and 3D-T2w MR images used. One advantage of the method present in the literature is that 

it does not limit the segmentation of PSD to its central portion, but it is able to segment the entire 

structure, including the very frontal and occipital areas. On the other hand, considering our 

dataset of 3D-T2w images where the PSD is not clearly visible, the method proposed by Hett and 

colleagues (13) tends to overestimate the volume of PSD by segmenting a structure that is not 

easy to disentangle in the images. 
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Limitations 

Some limitations of this study should be considered. Firstly, the development of the 

automatic 3D segmentation tool was limited by the availability of normative data in typically 

developing children. There are no public datasets containing 3D T2-FLAIR images for typically 

developing children. Sedation is generally required to scan children at a very young age which 

further limits the collection of data from an adequate number of healthy children. As a 

consequence, we included in our dataset ASD children with no major outcome at the MRI 

examination, with the aim to build a large dataset, improve the algorithm segmentation 

performance and avoid overfitting.  

We are aware that limiting the population of the study to children with ASD has an impact 

on model robustness in segmenting PSD in patients with different kinds of pathologies: including 

children with other neurodevelopmental disorders, as well as healthy individuals, would improve 

the algorithm's reliability. On the other hand, a preliminary visual assessment of the PSD 

segmentation performance on few healthy children showed promising results. As previously 

mentioned, our institution's specialized expertise in diagnosing and treating young children with 

moderate to severe neurodevelopmental disorders provides us with a unique advantage in 

acquiring clinical MRI scans from a larger cohort of children with ASD. However, developing such 

a tool specific for children with ASD could be valuable to investigate potential relationships 

between the PSD volume and other types of data, such as biomarkers directly related with brain 

neuroinflammation and neurodevelopment, brain morphology and clinical variables within this 

population. In future work, a larger cohort of developing children will be considered to apply the 

tool. A third limitation resides in the segmentation itself: the absence or difficulty in distinguishing 

the prefrontal and occipital components of the PSD from surrounding structures in developing 

brains led us to focus on the central components of the PSD, as done in a previous work (17). This 

approach was also adopted to improve the reproducibility of manual segmentation.  

Conclusion 

In conclusion, the proposed pipeline to train the 3D U-Net based tool allows a reliable 

segmentation of the PSD in young children with ASD from 3D T2-FLAIR MR images acquired for 

diagnostic purposes and allows reliable quantification of PSD volume. Segmentation of PSD was 

obtained by training a simple 3D U-Net on input images with minimal preprocessing and a short 

inference time on new data. Given the achieved good performances, this algorithm could be used 

to automatically segment PSD structure as a starting point to further investigate potential 

relationships between the volume of PSD and other variables, such as brain biomarkers of 

neuroinflammation and neurodevelopmental processes in children with ASD.  
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Data Availability Statement 

All source data relative to images are available from the corresponding author on reasonable 

request. 
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Figure 6-9 S1 Examples of predicted PSD segmentations of three control subjects. a), b), c) 3D 

rendering of PSD segmentations for each subject.

 
Figure 6-10 S2a Intensity histograms distributions of PSD and surrounded structures. Each row 

corresponds to a subject (from subject #1 to subject #5) from the test set. Left 

panel: intensity distributions for 3D T2-FLAIR images, left panel:  intensity 

distributions for 3D-T2w images.  
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Figure 6-11 S2b Intensity histograms distributions of PSD and surrounded structures. Each row 

corresponds to a subject (from subject #6 to subject #10) from the test set. Left panel: intensity 

distributions for 3D T2-FLAIR images, left panel:  intensity distributions for 3D-T2w images 
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Table 6-2 S1 95% confidence interval for the slope and the intercept of the regression line 

between the PSD volumes predicted by the developed tool and the PSD volumes 

obtained from the manual segmentation 

 

 2.5% 97.5% 

Intercept (q) - 0.40 0.91 

Slope (m) 0.73 1.03 

 

Table 6-3 S2 95% confidence interval for the slope and the intercept of the regression line 

between the PSD volumes obtained using the tool proposed by Hett and colleagues 

1 and the PSD volumes obtained by the developed tool 

 

 2.5% 97.5% 

Intercept (q) - 0.12 3.49 

Slope (m) 0.002 0.85 

 

 

1.  Hett K, McKnight CD, Leguizamon M, et al. Deep learning segmentation of peri-sinus 

structures from structural magnetic resonance imaging: validation and normative ranges across 

the adult lifespan. (Fluids and Barriers of the CNS. 2024;21(1):15. doi:10.1186/s12987-024-

00516-w) 
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Chapter 7 Discussion 

This study focuses on identifying structural MRI-based biomarkers of altered fluid dynamics 

in the developing pediatric brain. PVS and PSD play critical roles in CSF and ISF exchange, solute 

clearance, and overall fluid drainage in the adult human brain, yet remain underexplored in the 

developing child brain. Given their established involvement in fluid homeostasis, waste 

clearance, and immune surveillance in the adult brain, this work aims to quantify PVS and PSD in 

young children with ASD using semi-automatic, machine learning-based segmentation tools. 

Given the limited information available in the literature on this topic, a summary of current 

knowledge regarding the embryological and postnatal development of PVS and PSD in humans is 

warranted. This would provide a foundation for interpreting the findings and exploring their 

potential relevance in neurodevelopmental disorders such as ASD. 

7.1 Perivascular spaces in the developing brain  

7.1.1 Perivascular spaces: role and clinical significance     

According to the glymphatic system model proposed by Iliff et al., PVS along penetrating 

arteries act as conduits for CSF flow from the SAS into the brain parenchyma, while PVS 

surrounding venules facilitate ISF drainage and the removal of metabolic waste out of the brain. 

This flow is driven by AQP4 channels located on astrocytic endfeet encasing arterial vessels (421). 

PVS play a key role in regulating CSF–ISF distribution and maintaining overall brain fluid 

homeostasis. They also contain specialized perivascular macrophages that transport 

substances via endocytosis and exocytosis, actively clearing toxic debris and contributing to 

neuroimmunological defense (422–426). On MRI, PVS have been extensively studied across 

neurological disorders, with quantification most commonly performed using the gold-standard 

visual rating scale (427) (Appendix A). Enlarged PVS—characterized by increased number and 

size—are associated with disease severity and risk factors in hypertensive encephalopathy, 

cerebral small vessel disease, Alzheimer’s disease, and cerebral amyloid angiopathy 

(231,233,344,428,429). Impaired clearance of fluids and neurotoxic proteins such as amyloid-β 

and tau leads to their accumulation within the ECS and PVS. Elevated plasma Aβ42/Aβ40 or CSF 

tau/Aβ42 ratios and PET-detected hypometabolism appear to correlate with enlarged PVS 

(430,431). Furthermore, PVS quantification in epilepsy and traumatic brain injury has reinforced 

their potential as imaging biomarkers of disrupted glymphatic function in conditions beyond 

neurodegenerative diseases (432–434).  
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Evidence suggests that PVS can be a benign finding, as they are frequently observed in 

children without significant neurological impairment (298,375) (297). Consequently, their precise 

clinical significance in pediatric populations has remained uncertain, and no definitive cut-off for 

number or volume distinguishing healthy from pathological cases has been established. 

However, while in healthy children, PVS are typically small and incidental; enlarged or prominent 

PVS have been increasingly reported in various pediatric neurological disorders. Higher PVS 

frequency has been documented in conditions such as ASD, attention-deficit hyperactivity 

disorder, epilepsy, periventricular leukoencephalomalacia, and mucopolysaccharidosis 

(435)(153,338,436,437) (438). The presence and characteristics of PVS in children may be 

influenced by tightly regulated developmental processes—including neurogenesis, 

vasculogenesis, gliogenesis, ECM development, synaptogenesis, myelination, and neuronal 

migration (439). Examples of conditions marked by alterations in such developmental processes 

are polymicrogyria and craniosynostosis characterized by cortical gray matter maldevelopment 

in which the surrounding malformed regions exhibit an increased number of PVS (7,435). These 

studies indicate that, whereas PVS enlargement in adults is primarily linked to cerebrovascular 

risk factors, aging and external brain injury, in neonates and young children it is more likely driven 

by underlying neurodevelopmental processes, with their implications for fluid dynamics 

remaining largely unexplored.  

7.1.2 Perivascular spaces in ASD 

In recent years, growing attention has been directed toward the role of PVS in ASD. Although 

research in this area is still emerging, accumulating evidence suggests that alterations in PVS 

count, size, and spatial distribution may be linked to atypical brain development, cognitive 

dysfunction, and disrupted fluid homeostasis in ASD (153,353,440). A frequently reported 

neuroradiological feature in children with ASD is an enlarged SAS compared with non-autistic 

peers (149,349). Shen et al. observed increased extra-axial CSF (ea-CSF)—defined as CSF within 

the SAS over the supratentorial cortical surface—in six-month-old infants who later developed 

ASD, with larger ea-CSF volumes predicting greater symptom severity at 24 months (353). This 

finding was replicated in a larger longitudinal cohort, showing persistently elevated ea-CSF 

volumes in high-risk infants (with ≥1 sibling diagnosed with ASD) compared to low-risk infants 

(only child with ASD in the family) and typically developing controls (369). Subsequent work 

confirmed that between ages 2–4 years, ea-CSF remained elevated in both high- and low-risk ASD 

groups relative to controls (370).  

More recently, Garic et al. investigated the relationship between PVS enlargement and ea-

CSF volume in infants scanned at 12 and 24 months. Infants who developed ASD showed a 

greater increase in enlarged PVS number over this interval, with enlarged PVS correlating 
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positively with elevated ea-CSF and sleep disturbances (153). These findings provide evidence for 

a link between PVS alterations and impaired CSF clearance in ASD. In parallel, Sotgiu et al. 

reported a non-significant increase in PVS count in ASD children aged 2–7 years compared with 

controls, but identified significantly greater PVS volume in WM among children under 4 years 

relative to older children (338). No associations were found with ASD severity; however, a non-

significant increase in WM PVS volume was observed in children with sleep abnormalities.  

The two studies differ in methodology, leaving our understanding of perivascular spaces 

(PVS) in children with autism spectrum disorder (ASD) incomplete. The study by Garic et al. 

focuses on neonates and infants at high or low risk of developing ASD, while Sotgiu et al. study 

children with ASD aged 2–7 years. Garic et al. employed an in-house PVS scoring system to 

estimate the number of "enlarged" PVS across the entire brain; however, the term "enlarged" is 

not clearly defined (153). In contrast, Sotgiu et al. used a visual rating score applied to a single 

brain slice, though they did not specify the slice's location (338)(Appendix A).  

To quantify PVS volume, Sotgiu et al. utilized a semi-automated volumetric method that 

integrated T1- and T2-weighted images (430). They found a correlation between PVS volume and 

the scoring-based PVS grade, reporting that both metrics were higher in male children with ASD 

compared to females. Additionally, PVS volume was significantly greater in children under four 

years of age than in older children. Although they observed a non-significant increase in PVS 

number in children with more severe ASD symptoms, the authors concluded that an increased 

number of PVS may particularly characterize very young male children with ASD who exhibit more 

severe symptoms.  

The works by Shen and Garic indicate a direct correlation between eaCSF, total CSF and 

children at high risk of developing ASD (151–153). Given that PVS are in direct communication 

with SAS, these findings collectively support the hypothesis that both increase in PVS number 

and PVS volume in ASD may reflect delayed CSF clearance, potentially linked to glymphatic 

system dysfunction.  

Our recently published retrospective study focused on quantifying both number and 

volume of PVS in the whole brain white matter in young children (2-8yr old) hospitalized with 

confirmed diagnosis of ASD by using an automatic segmentation approach based on a 3D-UNet 

deep learning algorithm (342). This method, employs a multichannel input consisting of both T1- 

and T2-weighted 3D MRI sequences (346). The volume and number of PVS were quantified on the 

whole brain. PVS number and volume were directly and significantly correlated with ea-CSF 

volume. Both the number and volume of PVS showed a negative correlation with the severity of 

neurodevelopmental delay, as measured by the Griffiths scale and expressed as developmental 

quotient (DQ) suggesting that a higher number and volume of PVS was related to a more severe 
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neurodevelopmental delay. However, no direct positive relationship with disease severity was 

observed; instead, more severe cases were associated with fewer and smaller PVS. This 

apparently odd finding might be due to other factors. First, age emerged as a significant factor—

younger children exhibited higher PVS number and volume compared with older children with 

ASD. Given that hospitalization is determined by the presence of more severe symptoms, our 

cohort consisted of individuals with more severe form of ASD. Milder forms of ASD were not 

present in our cohort (see Chapter 6). The separate effect of age and severity of disease was not 

possible to definitively isolate. Second, disease severity may be determined by several other 

factors including purely neurodevelopmental processes such as malwiring of neurons, poor 

neuronal migration which have little to do with PVS enlargement. Our study is in agreement with 

previous studies that PVS parameters are linked to ea-CSF volume in ASD and imply altered CSF 

drainage in children with ASD. However, what these results mean in terms of the underlying 

pathophysiological process remains intriguing and may require longitudinal studies (441).  

Emerging evidence indicates that neuroinflammation plays a critical role in the 

pathophysiology and risk of ASD (140,142,143,442). There are several established mechanisms 

whereby neuroinflammation may result in ASD. Maternal immune activation during pregnancy, 

infections, and early-life inflammatory events can alter brain development through the release of 

pro-inflammatory cytokines and microglial activation (443,444). These inflammatory processes 

may disrupt neural connectivity, synapse formation, and neurotransmitter systems, thereby 

increasing the likelihood of ASD. Additionally, conditions such as gestational diabetes, maternal 

infections, and antibiotic use during pregnancy may activate the maternal immune system, 

allowing immune mediators to cross the placenta and impact the developing fetal brain 

(142,445). Preterm neonates exhibit a greater number of PVS highlights the ongoing maturational 

processes of these structures (323). Enlarged PVS have also been linked to sleep-related 

difficulties in individuals with ASD, reinforcing the hypothesis of a dysregulated glymphatic 

system in this population.. Sleep issues are common in children with autism, and the 

enlargement of PVS could indicate underlying issues with the glymphatic system or impaired CSF 

flow (195,446). Sleep disturbances can exacerbate neuroinflammation by disrupting circadian 

rhythms (447). Neuroinflammation plays an important role in neurodegenerative diseases in 

adults by determining reduced capacity to remove toxic metabolites from the brain (448). Since 

enlargement of PVS in the adults is also attributed to neuroinflammatory process, its role in the 

developing young brain and enlargement of PVS, necessitates further investigation. Infact, a 

direct correlation between MRI based PVS quantification parameters and potential 

neuroinflammatory risk factors has not emerged in the literature and is worth pursuing. The 

hypothesis that PVS enlargement could be linked to disruptions in the glymphatic system, which 

is crucial for metabolic waste clearance appears very promising as it carries the potential to serve 
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as a supplementary marker in diagnostic imaging, potentially helping clinicians in early 

identification and intervention, particularly in high-risk children with a family history of 

neurodevelopmental disorders. If PVS are indeed markers of such dysfunctions, interventions 

targeting sleep and cerebral fluid dynamics may provide beneficial avenues for treatment.  

While our study offers valuable insights, there are several limitations that should be 

considered. The cross-sectional nature and a small cohort limits our ability to establish causal 

relationships between PVS and neurodevelopmental conditions like ASD. Our study lacks 

comparison with healthy controls. Since PVS are also present in healthy children, it is crucial to 

compare findings between ASD and typically developing cohorts. However, access to such 

control data remains limited due to several challenges. Primarily, obtaining MRI scans of 

completely healthy young children without sedation is highly unlikely. Consequently, control 

groups in the 2–5 year age range often include children with mild neurological symptoms rather 

than entirely asymptomatic individuals. Although MRI without sedation is possible in healthy 

children, it requires careful preparation—such as scheduling scans during natural sleep times, 

implementing sleep deprivation protocols, or other strategies—to maximize the likelihood that 

the child remains still during the procedure. Addressing these logistical challenges is essential 

for future studies aiming to establish robust pediatric control datasets (419). The effects of 

sedation on the number and volume of PVS remain unknown; however, it is reasonable to assume 

that these structural spaces, with the potential to grow or to collapse over time, remain stable 

during the 30 to 60 minutes of MRI acquisition. Large MRI datasets available online in ASD and 

healthy children are of limited use as 3D T2w MRI sequences are seldom acquired, sequence that 

was required to perform PVS segmentation in our study.  

7.2 The biological interpretation of the association between PVS 

count and clinical picture  

Increasing evidence suggests that the number and enlargement of PVS visible on MRI may reflect 

alterations in neurofluid circulation, vascular integrity, or inflammatory activity. Understanding 

the biological interpretation of this association is particularly important in paediatric populations, 

where brain development and fluid homeostasis are still evolving. 

One proposed mechanism linking increased PVS count or enlargement with clinical 

manifestations involves altered glymphatic drainage. Under normal conditions, CSF enters the 

brain along periarterial spaces and exchanges with interstitial fluid before exiting along 

perivenous pathways. This process facilitates the clearance of metabolic waste products and 

inflammatory mediators. If this drainage system becomes impaired—due to altered vascular 

pulsatility, structural changes in perivascular pathways, or dysfunction of astrocytic aquaporin-
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4 channels—fluid may accumulate within the perivascular spaces, leading to PVS dilation visible 

on MRI. Impaired clearance may also contribute to the accumulation of metabolites or 

inflammatory molecules in brain tissue, potentially influencing neurological function. 

 

A second mechanism relates to vascular factors such as vascular integrity. PVS enlargement may 

reflect structural changes in small penetrating vessels, including alterations in vascular 

compliance or endothelial function. In children, developmental changes in the neurovascular 

unit, including the maturation of the blood–brain barrier and cerebral vasculature, may influence 

perivascular fluid dynamics. Reduced arterial pulsatility, immature basement membranes or 

microvascular dysfunction could impair the propulsion of interstitial fluid through perivascular 

pathways, resulting in increased PVS visibility. 

Neuroinflammatory processes may also contribute to the enlargement of PVS. Histologically, the 

perivascular compartment contains immune cells such as macrophages and plays a role in 

immune surveillance within the central nervous system. In conditions associated with 

neuroinflammation, increased cellular infiltration, cytokine activity, or blood–brain barrier 

permeability may alter perivascular fluid balance and promote dilation of these spaces. 

In paediatric populations, the interpretation of PVS enlargement must be approached cautiously. 

Children exhibit higher baseline brain water content, developing glymphatic pathways, and 

ongoing vascular and white matter maturation, all of which can influence the appearance of PVS 

on MRI. In some cases, prominent PVS may represent physiological developmental variation 

rather than pathology. However, when present in excessive numbers or associated with specific 

clinical symptoms, enlarged PVS may serve as an imaging biomarker of altered neurofluid 

circulation, vascular dysfunction, or inflammatory activity. 

Enlarged PVS as an effect of underlying neuropathological process (downstream marker) 

Microvascular alteration such as thickened or stiffened vessel walls (lipohyalinosis, amyloid 

angiopathy) may compress or distort PVS, impairing fluid and solute clearance and causing 

enlargement of PVS and this is typically observed in cerebral small vessel disease and cerebral 

amyloid angiopathy. Neuroinflammatory processes, deposition of excessive amyloid beta and 

other toxins, characteristic of Alzheimer’s disease and Parkinson’s disease may cause 

obstruction impairing fluid clearance and enlarging perivasccular spaces. Animal models 

suggest that glymphatic disruption can accelerate amyloid accumulation. Disorders such as 

normal pressure hydrocephalus or intracranial hypertension may result in alterations of CSF 

pressure gradients potentially blocking CSF outflow pathways.  
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Enlarged PVS as a cause of underlying neuropathological process (upstream marker) 

Since PVS are filled with basement membranes and contain multiple proteins. Genetic 

alterations of proteins that alter the walls of these spaces could lead to altered function of PVS 

thereby being a cause of neurological diseases. In pediatric disorders such as autism spectrum 

disorder, there is no evidence that enlargement of PVS are a cause of the disease. An abnormal 

neurovascular development, or immaturity of the several components of the glymphatic system 

may result in enlargement of PVS.  

The obvious question is whether the presence of a high number of PVS in a healthy child 

represents a risk factor for the development of neurological diseases. However, this appears to 

be no simple task. In addressing this question, a very rigorous criteria of selection is needed.  

Vicious cycle 

It is also likely that a vicious cycle is established once the underlying neuropathological process 

obstructs movement of fluids and removal of solutes. Enlarged PVS can reinforce disease 

processes: 

1. Enlarged PVS → worse glymphatic drainage 

2. Poor clearance → more toxic protein buildup 

3. Buildup → neuronal stress and vascular injury 

4. Vascular injury → further PVS dilation and inflammation 

Such a feedback loop could be a central mechanism in damaging white matter, resulting in WM 

atrophy and further enlargement of PVS. Once enlarged they can become pathogenic 

themselves, creating a damaging feedback loop. So, they may play a contributory role in 

maintaining or amplifying underlying pathology — but not as a primary cause. A longitudinal study 

is necessary to further our understanding.  
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Figure 7-1 Schematic diagram explaining a possible vicious cycle underlying the development of 

PVS. This figure was made using BioRender.com free version.  

 

7.3 Parasagittal dura in the developing brain 

7.3.1 Parasagittal dura: role and clinical significance 

Recently, the PSD has been recognized as a key structure within the brain, serving 

neuroimmunological function and providing a route for clearing ISF and solutes from the brain 

parenchyma (99,250,383,384). Most of our understanding of this MRI visible structure, derives 

from animal studies conducted ten years ago in which lymphatic vessels within PSD were 

identified (65,249). Later, in vivo human MRI studies clearly demonstrated the presence of such 

vessels within PSD (63). Groundbreaking evidence for solute entry into the PSD from CSF in the 

SAS came from an in vivo human study in which low–molecular-weight gadolinium was injected 

into the lumbar intrathecal sac of subjects undergoing evaluation for normal pressure 

hydrocephalus (389). Peak gadolinium concentration in the PSD was detected 24 hours post-

injection (97). In subsequent studies, the same group quantified PSD volume in patients with 

various neurological disorders and reported that this volume was variable among subjects and 

type of diseases and reported that intrathecal gadolinium appeared in blood plasma before 
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reaching the PSD (98). In this study, the authors conclude that PSD is not a major efflux route for 

CSF and solutes. On the other hand, the role of PSD in neuroimmunosurvellance has been 

reported (99,383). PSD facilitates interactions between antigen presenting cells in the brain 

parenchyma and local meningeal immune cells derived from systemic immune system (383). The 

presence of meningeal lymphatic network within the PSD, drainage of CSF containing soluble 

brain derived antigens and connections to the deep cervical lymph nodes suggest that PSD may 

represent a key anatomical hub for neuro immune surveillance. Both blood vessels and 

meningeal lymphatics within the dura lack tight junctions typically found in the blood brain 

barrier. This allows for two-way cell trafficking within PSD. Specific T cells recognize brain 

antigens within the PSD and undergo clonal expansion that has been well-described in 

experimental models of neuroinflammatory disease such as experimental autoimmune 

encephalitis but also neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s 

disease (385,449,450).  

Such novel information led another group of researchers to develop a segmentation tool 

based on neural networks to quantify PSD volume using high resolution 3D T2-weighted images 

obtained in MRI  (388,451). They found an increase in PSD volume with increasing age and with 

bulk CSF flow evaluated by using phase contrast MRI, in a large cohort of healthy participants. 

This tool appeared to be robust in performing segmentation on older adult cohorts but over-

estimates PSD volumes in children in the age range of 5-10 years. The same authors also 

performed a combined PET-MRI based study in patients with varying severity of Alzheimer’s 

disease. PET study was performed using amyloid-β tracer 11C-Pittsburgh Compound B, to 

quantify amyloid-β in the whole brain. PSD volume was significantly correlated with the degree of 

burden of amyloid-β in patients with Alzheimer’s disease (390). These studies appear to 

demonstrate that an increase in PSD volume in both aging and Alzheimer’s disease is suggestive 

of possible compensatory hypertrophic response to improve clearance.  

With this background, we explored PSD volume in young children with ASD to evaluate its 

significance with severity of disease and the volume of ea-CSF.  

7.3.2 PSD and autism 

To date, our published paper presented in Chapter 7 above is the only work in which PSD 

has been investigated in a pediatric population. Since the only available tool in the literature 

appears to overestimate PSD volume in children aged 5–10 years (388), I collaborated with 

biomedical engineers at our institute to develop an in-house segmentation tool based on a 

convolutional neural network, specifically the U-Net architecture, for quantifying PSD in our 

cohort of 2–8-year-old children with ASD. These results are presented in Chapter 7. Lacking 



Chapter 7 

141 

access to the high-resolution 3D T2-weighted images used in previous studies by Hett and 

colleagues, we instead employed high-resolution, clinically feasible 3D-FLAIR sequences, to 

develop an in house segmentation tool to calculate PSD volume. Similar methodology was used 

in earlier works by Melin et al. to establish PSD volumes in adult population (98). The network was 

trained on images from 10 healthy adults (mean age 32.6 ± 12.5 years), which were manually 

segmented in the coronal plane by myself. We restricted analysis to the central portion of the 

PSD, excluding frontal and occipital extremities, for four reasons: (1) end-to-end manual 

segmentation would require delineating over 300 coronal slices per subject (>3,000 slices total), 

creating excessive visual strain; (2) meningeal tissue and thus PSD are still developing in children, 

rendering the terminal portions nearly undetectable; (3) the bulk of PSD volume resides in the 

central brain; and (4) the institute’s server memory was insufficient to train the network on larger 

datasets. As described in the article, we generated a 60° angle on the sagittal image using the 

anterior and posterior commissures as reference points (Fig. 7-1). Once the 2D U-Net was 

trained, validation was performed on another two subjects which was manually checked. This 

network was then tested on 10 children with ASD. Manual corrections were performed. A DICE 

coefficient of 0.84 was achieved.  

In children with ASD, PSD volume showed a significant positive correlation with both total 

CSF and ea-CSF volume. The positive association between PSD and CSF volumes aligns with 

existing literature suggesting that the PSD is related to CSF flow dynamics. We also found that 

PSD volume was negatively correlated with the severity of neurodevelopmental delay—the more 

severe the delay, the smaller the PSD volume. No correlation was found between PSD volume 

and clinical severity of ASD. Since, existing literature in aging and Alzheimer’s disease suggest 

that PSD enlargement, likely reflects compensatory hypertrophy, we were expecting PSD volume 

to be higher in more severe cases of ASD or in cases of severe neurodevelopmental delay. No 

relationship with ASD severity is likely due to the fact that that our hospitalized children all 

present with moderate to severe forms of disease, thus an appropriate evaluation with milder 

forms could not be achieved. However, the reason for reduced PSD volume in children with more 

severe neurodevelopmental delay requires a different explanation.  

Since PSD is composed of meningeal tissue—whose lymphatic structures continue to 

develop postnatally—and the meninges provide scaffolding essential for neuronal migration and 

connectivity, it is plausible that PSD in underdeveloped and interferes with neurodevelopmental 

processes such as neurogenesis and neuronal migration (411). In addition, given that PSD 

harbors immune cells and participates in immune surveillance, neurodevelopmental delay could 

partly arise from underdeveloped or dysfunctional meningeal immune tissue, potentially 

influenced by genetic or environmental (epigenetic) factors. These hypotheses are speculative 

and warrant further investigation.  
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Several limitations of our study should be acknowledged. First, the sample size was 

relatively small, precluding post hoc analyses of potential risk factors such as premature birth, 

maternal stress, or ASD severity. Second, our U-Net network was trained on healthy adult brains 

rather than pediatric data. Ideally, training would be performed on healthy child brains; however, 

given the retrospective design and the impracticality of recruiting healthy children, we trained on 

adult brains and applied the model to ASD pediatric cases. Chapter 8 addresses this problem 

whereby we present a UNET which is trained on children. Third, PSD volume measurements were 

limited to the central portion of the brain. Although this region encompasses roughly two-thirds 

of the PSD, inclusion of the frontal and occipital extremities would provide a more complete 

assessment. Despite this constraint, important findings emerged. Fourth, the absence of a 

typically developing pediatric control group prevented us from establishing normative PSD 

volume ranges in children—a gap that remains in the literature. 

Our ongoing research aims to address these limitations by developing a whole-brain 3D U-

Net algorithm to quantify total PSD volume in children aged 2–10 years. In Chapter 8, we 

developed a 3D U-Net restricted to the central portion of the PSD but trained on children 

successfully although it may be useful to extract the two ends of the PSD for completeness. We 

are also in the process of collecting new data on healthy children by recruiting data from other 

institutes.  

7.4 Clinical implications in the developing brain 

Despite advances in understanding neurofluid dynamics in the adult brain, clearance 

pathways in the developing pediatric brain remain poorly understood. In the current work, I have 

made an attempt to evaluate PVS and PSD parameters based on MRI in children with ASD. Given 

that PVS and PSD are considered potential MRI biomarkers of altered neurofluid drainage, it is 

important to explore their significance in the developing brain. Currently, the only other MRI-

based biomarker reported in children with ASD is a possible increase in ea- CSF space, which to 

date has only been qualitatively described. Impaired waste clearance in the developing brain may 

contribute to early-onset conditions, such as hydrocephalus, periventricular leukomalacia, or 

neuroinflammation.  

Individuals with ASD have a high prevalence of dementia with respect to those without 

developmental disabilities and ASD (452). While Alzheimer’s disease and ASD are two distinct 

clinical entities there appears to be some potential overlaps specifically related to the production 

and processing of Amyloid-β precursor protein (APP). APP is a transmembrane protein which 

stabilizes calcium fluxes across neuronal membranes, facilitates matrix adhesion and inhibits 

the clotting cascade. It plays a role in neuronal growth and development. Excessive accumulation 
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of amyloid-β in the brain in autism has been shown and it can cause neuronal dysfunction in 

idiopathic forms of autism and in duplications of 15q11.2-q13 (352). Subjects with regressive 

forms of ASD have a high level of secretory APP type alpha (sAPPα) and excessive levels is 

considered toxic during brain development. In particular it may affect synapse formation, 

overdifferentiation of stem cells and disrupt the brain immune response (453). The deposition of 

amyloid is intraneuronal as opposed to extracellular in patients with Alzheimer’s disease. 

Although diseases like Alzheimer's don't present in children, protein handling pathways like IPAD 

and the glymphatic system may still regulate early dynamics in ASD. Whether alterations in APP 

processing and secretion of potential toxic amyloid peptides in ASD is related to PSD volume or 

the number of PVS is an area of potential investigation.  

Understanding the maturation of brain fluid clearance pathways in children has important 

clinical implications. Establishing normative developmental patterns of structures such as PVS 

and PSD could enable earlier identification of deviations that signal underlying 

neurodevelopmental disorders, including ASD and other pediatric neurological conditions. Age-

specific reference values would improve the diagnostic accuracy of pediatric MRI findings, 

reducing the risk of overinterpretation of benign age-related features or underrecognition of 

subtle pathological changes. Moreover, as glymphatic and meningeal lymphatic systems may be 

more plastic during early development, defining critical windows of maturation could inform the 

optimal timing of therapeutic interventions to restore or enhance clearance function. If the 

normal timeline and pattern of glymphatic and lymphatic maturation is known, deviations from 

this pattern could serve as early imaging biomarkers for neurodevelopmental conditions. Without 

knowing what “normal” fluid clearance anatomy and function look like at different ages, we risk 

misinterpreting enlarged PVS, PSD, or extra-axial CSF spaces in children but also in adults. 

Understanding development could clarify whether these clearance deficits are primary drivers of 

pathology or secondary consequences of other brain changes. Finally, because these pathways 

are closely linked to immune surveillance and metabolic homeostasis, a better understanding of 

their developmental biology may clarify mechanisms by which early-life clearance dysfunction 

contributes to cognitive impairment, neuroinflammation, and altered brain connectivity.  

Studying neurofluid clearance pathways in the developing brain not only advances 

pediatric neurology but also enriches our understanding of the adult glymphatic system. The 

maturation of PVS and PSD during childhood establishes the foundational architecture and 

function from which adult clearance mechanisms evolve. By identifying normative 

developmental trajectories and points of vulnerability in early life, we can better interpret how 

age-related changes, disease processes, and compensatory remodeling occur in adults. This is 

critical for interpreting adult pathologies—e.g., whether enlarged PVS in Alzheimer’s disease 
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represent abnormal persistence of childhood features, a maladaptive remodeling, or an entirely 

new process. Studying the immature system can highlight core structural requirements for 

efficient CSF–ISF exchange, such as astrocytic AQP4 polarization or vascular organization. The 

developmental integrity of IPAD and the glymphatic system may set the stage for long-term brain 

health, with early impairments potentially predisposing to age-related neurodegenerative 

diseases. If glymphatic plasticity is high in childhood but declines with age, pediatric studies can 

help define time windows when interventions to optimize clearance might be most effective—and 

whether similar reactivation of plasticity is possible in adults. 

7.5 Pros and cons of different MRI techniques in assessing 

neurofluids 

Non–contrast-enhanced and contrast-enhanced approaches, each has distinct advantages and 

limitations. These considerations are particularly important in paediatric imaging, where safety 

and feasibility must be carefully addressed due to the several anatomical structures still 

undergoing development. For example, kidney function does not reach adult levels by 1-2 years 

of age making them vulnerable to gadolinium based toxicity and fluid imbalances.  

Non–contrast-enhanced MRI techniques include conventional structural imaging (e.g., T2-

weighted and FLAIR sequences), phase-contrast MRI (PC-MRI) for CSF flow quantification, and 

diffusion-based methods such as DTI, which can provide indirect measures of glymphatic 

activity. The main advantage of these techniques is their high safety profile, as they do not require 

the administration of exogenous contrast agents. This makes them particularly suitable for 

paediatric populations and for longitudinal studies requiring repeated examinations. 

Additionally, methods such as PC-MRI can provide quantitative measurements of CSF flow 

velocities. However, non-contrast techniques generally provide indirect assessments of 

neurofluid circulation, and their sensitivity to subtle abnormalities may be limited. Furthermore, 

diffusion-based methods are susceptible to motion artefacts, which can be challenging in young 

children. The use of DTI-ALPS as a measure of glymphatic function is generally not recommended 

by the broader scientific community, as it assumes perfectly orthogonal fiber orientations, a 

condition that is seldom present in vivo.  

Contrast-enhanced MRI techniques, including dynamic contrast-enhanced MRI (DCE-MRI), 

contrast-enhanced FLAIR imaging, and delayed post-contrast imaging, allow more direct 

visualization of fluid pathways and BBB permeability. These methods can provide quantitative 

parameters related to permeability and tracer clearance, thereby offering valuable insights into 

glymphatic transport and neurovascular integrity. Nevertheless, the use of gadolinium-based 

contrast agents (GBCAs) introduces potential risks. Although generally considered safe, 
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concerns have been raised regarding gadolinium retention in brain tissue following repeated 

administrations, as well as the rare but serious complication of nephrogenic systemic fibrosis in 

patients with impaired renal function. The use of GBCAs in paediatric patients presents additional 

challenges and is discouraged. Children may require sedation or general anesthesia to minimize 

motion during MRI examinations, increasing procedural complexity. Moreover, the long-term 

implications of gadolinium deposition in the developing brain remain uncertain, raising ethical 

considerations for research applications. Intrathecal administration of gadolinium, sometimes 

used experimentally to study glymphatic circulation, is also off-label and rarely justified in 

children. 

Overall, while contrast-enhanced MRI techniques offer greater sensitivity and more direct 

assessment of neurofluid dynamics, non–contrast-enhanced methods are generally preferred in 

paediatric populations due to their superior safety profile and suitability for repeated imaging. 

Ongoing research is therefore focused on refining advanced non-contrast MRI techniques to 

improve the characterization of neurofluid circulation without the need for exogenous contrast 

agents. 

7.6 Glymphatic versus IPAD models of clearance in early life 

The glymphatic model describes the movement of CSF into the brain along PVS, followed by 

exchange with ISF within the parenchyma, a process facilitated by AqP-4 channels located on 

astrocytic endfeet. This fluid mixture is then thought to exit the brain along perivenous spaces, 

enabling the clearance of metabolic by-products. Evidence supporting the glymphatic model 

derives primarily from animal studies using tracer imaging and two-photon microscopy, as well 

as observations linking fluid transport to sleep and to the functional role of aquaporin-4. However, 

the model has been questioned because much of the experimental evidence comes from 

anesthetized animals, and the existence of large-scale bulk flow through the dense brain 

parenchyma remains debated. 

An alternative mechanism, the intramural periarterial drainage (IPAD) pathway, proposes that 

interstitial solutes are cleared along the basement membranes of capillaries and arteries rather 

than through bulk flow within the parenchyma. In this model, solutes enter the basement 

membranes surrounding vascular smooth muscle cells and are transported in a direction 

opposite to blood flow toward leptomeningeal arteries and ultimately to extracranial lymphatic 

pathways. The driving force for this process is believed to be vasomotion generated by rhythmic 

contractions of vascular smooth muscle cells. Histological tracer studies and anatomical 

observations provide support for this mechanism, particularly in the context of impaired amyloid-

β clearance in neurodegenerative conditions. 
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Current evidence suggests that these mechanisms may not be mutually exclusive and that 

multiple pathways likely contribute to brain fluid and solute clearance. Importantly, 

developmental factors may significantly influence the efficiency of periarterial drainage in early 

life. In particular, the vascular smooth muscle cells that generate vasomotion and the structural 

organization of vascular basement membranes may not fully mature in infancy and early 

childhood. There is scarsity of cerebral vasculature in the neonates and cerebral blood flow 

increases gradually to adult levels in the first few years. The immaturity of these components may 

reduce the efficiency of periarterial clearance pathways, potentially altering interstitial fluid 

dynamics and metabolite removal during early brain development. Consequently, 

developmental differences in vascular structure and the development of the interstitial ECM 

must be carefully considered when interpreting studies of glymphatic or periarterial clearance 

mechanisms in pediatric populations. 

7.7 The limitations of structural MRI as an indirect marker of fluid 

dynamics 

One major limitation is that structural MRI cannot directly measure CSF flow or ISF circulation. 

The presence of enlarged PVS, ventricular enlargement, or increased extra-axial CSF may suggest 

alterations in fluid drainage or glymphatic function, but these findings do not reveal the underlying 

mechanisms responsible for the changes. For example, PVS enlargement may reflect impaired 

interstitial fluid clearance, vascular remodeling, or inflammatory processes, but structural 

imaging alone cannot distinguish between these possibilities.  

Another limitation relates to the temporal resolution of structural MRI. Neurofluid circulation is a 

dynamic process influenced by arterial pulsatility, respiration, and sleep–wake cycles. Static 

images capture only a single time point and therefore cannot characterize dynamic flow patterns 

or clearance rates within the glymphatic system. 

Structural MRI is also limited by spatial resolution and partial-volume effects, particularly when 

evaluating small structures such as perivascular spaces. Small PVS may fall below the resolution 

threshold of clinical MRI scanners, while larger spaces may be difficult to differentiate from small 

cystic lesions or lacunar infarcts without additional imaging sequences. 

These limitations become even more significant in paediatric populations, where rapid 

developmental changes influence the MRI appearance of brain tissues and fluid compartments. 

During infancy and early childhood, the brain undergoes substantial changes in water content, 

myelination, and tissue composition. Neonatal brains contain a higher proportion of water 
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compared with adult brains, which leads to different signal characteristics on T1- and T2-

weighted images. As myelination progresses, the signal intensity of white matter gradually 

changes, altering the contrast between CSF, grey matter, and white matter. 

These developmental processes can complicate the interpretation of neurofluid-related imaging 

findings. For instance, higher brain water content and immature myelination may increase the 

visibility of fluid-filled spaces on T2-weighted images, potentially leading to overestimation of PVS 

burden or other fluid compartments. Similarly, evolving tissue contrast during early development 

may make it difficult to accurately distinguish between physiological developmental features and 

pathological alterations in neurofluid circulation. 

Furthermore, developmental changes in brain volume and ventricular size occur naturally during 

childhood, making it challenging to establish reliable normative references for neurofluid 

markers across different ages. As a result, the interpretation of structural MRI findings must take 

into account age-specific developmental trajectories. 

In summary, while structural MRI provides valuable anatomical information and can identify 

imaging markers associated with neurofluid pathways, it remains an indirect and static 

representation of fluid dynamics. The interpretation of such markers is further complicated in 

paediatric populations by rapid developmental changes in brain water content and myelination, 

which can influence both the appearance and the quantification of neurofluid-related structures. 

Consequently, structural MRI findings should ideally be complemented with advanced imaging 

techniques or longitudinal data to better understand the functional dynamics of neurofluid 

circulation. 

7.8 Associations between PVS burden and extra-axial CSF volume 

and observed frontal predominance of PVS. 

Associations between PVS burden and extra-axial CSF volume should be interpreted primarily as 

correlative findings, potentially reflecting shared alterations in neurofluid circulation, 

developmental variability, or vascular characteristics. A correlation between PVS burden and 

extra-axial CSF volume indicates that the two variables vary together across individuals, but it 

does not establish that one directly causes the other. Structural MRI alone cannot determine 

causal relationships between these compartments.  

The frontal predominance of PVS may arise from a combination of developmental maturation 

patterns, vascular anatomy of medullary arteries, regional glymphatic drainage pathways, and 

imaging-related factors. The frontal white matter is supplied by long medullary arteries branching 
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from cortical vessels. The perivascular pathways surrounding these vessels extend deep into the 

white matter and may be particularly prominent or susceptible to dilation when fluid clearance 

mechanisms are altered. Differences in arterial pulsatility and vascular compliance in these 

vessels could also influence perivascular fluid movement. Further longitudinal and functional 

imaging studies are needed to clarify the biological mechanisms underlying these observations.  

7.9 PSD volume as a marker of altered drainage capacity rather than 

structural or inflammatory variation 

 The interpretation of PSD volume as a marker of altered drainage capacity requires careful 

consideration of both biological and methodological factors. One hypothesis is that increased 

PSD volume may reflect altered or reduced efficiency of CSF and ISF drainage. The dural venous 

sinuses and surrounding meningeal compartments are thought to play a role in CSF resorption 

and glymphatic outflow, including interactions with meningeal lymphatic vessels. In this context, 

expansion of PSD compartments could represent fluid accumulation secondary to impaired 

clearance, analogous to the dilation of perivascular spaces observed when interstitial drainage 

is disrupted. Nevertheless, interpreting PSD enlargement purely as a marker of impaired drainage 

may be overly simplistic. Changes in PSD volume could also arise from structural or inflammatory 

variations within the meninges and surrounding tissues. For example, variations in dural 

thickness, connective tissue composition, or venous sinus anatomy normally influence the 

apparent size of these spaces on MRI. Inflammatory processes affecting the meninges could also 

alter local fluid balance or tissue permeability, potentially contributing to increased PSD volume 

independent of drainage capacity. 

Developmental Considerations: In paediatric populations, additional caution is warranted 

because the meningeal and venous systems continue to mature during childhood. 

Developmental differences in dural structure, venous sinus morphology, and CSF circulation 

may influence the appearance and size of PSD compartments on imaging. Consequently, 

increased PSD volume in children may reflect normal developmental variability rather than 

pathological alterations in drainage function. 

Segmentation Bias and Anatomical Complexity: Accurate quantification of PSD volume is 

technically challenging due to the complex anatomy of the dural venous sinuses, including the 

superior sagittal sinus, transverse sinuses, and associated venous lacunae. These regions 

contain a heterogeneous mixture of structures—such as venous blood, arachnoid granulations, 

connective tissue septa, and small CSF-filled spaces—which can produce similar signal 

intensities on conventional MRI sequences. Automated or semi-automated segmentation 
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algorithms may therefore struggle to reliably distinguish PSD compartments from adjacent 

structures. For instance, arachnoid granulations, which protrude into venous sinuses and 

participate in CSF absorption, may be misclassified as fluid spaces during segmentation. 

Similarly, partial-volume effects at the interface between CSF, venous blood, and dura can 

introduce measurement errors, particularly when imaging resolution is limited. 

These challenges may lead to systematic overestimation or underestimation of PSD volume, 

especially in regions where the sinus walls are irregular or where multiple tissue types coexist 

within a small spatial area. Such segmentation biases are particularly relevant in studies that rely 

on automated volumetric measurements. 

7.10 Generalisability of the 3D U-Net segmentation model across 

scanners 

3D U-Net–based deep learning models have become increasingly common for automated 

segmentation of neuroanatomical structures in MRI. These models offer high efficiency and 

reproducibility compared with manual or semi-automated approaches. However, when applying 

a trained model across different scanners, field strengths, and datasets, several factors must be 

considered to ensure the generalisability and reliability of the segmentation results. The 

performance of a 3D U-Net model is strongly influenced by the characteristics of the training 

dataset, including scanner manufacturer, acquisition protocols, and magnetic field strength 

(e.g., 1.5T vs 3T). MRI images acquired from different scanners may vary in signal-to-noise ratio, 

spatial resolution, contrast properties, and intensity distributions. These variations can affect the 

model’s ability to accurately recognize anatomical features if they differ substantially from the 

training data. 

Deep learning models trained on data from a single scanner or a single acquisition protocol may 

therefore exhibit reduced performance when applied to external datasets. To improve 

generalisability, models are ideally trained using heterogeneous datasets that include images 

from multiple scanners, field strengths, and institutions. Additional strategies such as intensity 

normalization, data augmentation, and domain adaptation techniques can also help mitigate 

scanner-related variability. When properly validated on external datasets, 3D U-Net models can 

demonstrate good cross-scanner performance, but external validation is essential before 

applying the model to new populations or imaging protocols. 
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Another important consideration is distinguishing true biological change from methodological 

variability when analysing longitudinal volumetric measurements derived from automated 

segmentation. 

Threshold for biologically meaningful change: to interpret longitudinal volumetric changes 

reliably, studies often define a minimum detectable change or test–retest variability threshold. 

This threshold represents the magnitude of change required to exceed expected measurement 

variability. In many MRI volumetric studies, test–retest variability for automated segmentation 

methods is typically in the range of 3–10%, depending on the structure being measured, image 

resolution, and model performance. Consequently, longitudinal changes smaller than this range 

may reflect methodological noise rather than true biological change. For this reason, volumetric 

changes exceeding approximately 5–10% are often considered more likely to represent 

biologically meaningful alterations, although the exact threshold depends on the specific 

structure and imaging protocol. Establishing dataset-specific reproducibility metrics through 

test–retest experiments is therefore important for accurate interpretation. 

Implications for Neurofluid Imaging Studies: In studies examining structures related to 

neurofluid dynamics, such as PVS, extra-axial CSF compartments and PSD, careful attention 

must be paid to these methodological factors. Because these structures can be small and 

sensitive to imaging resolution, segmentation models may be particularly susceptible to scanner 

variability or partial-volume effects. Therefore, robust interpretation of longitudinal changes 

requires: external validation of the segmentation model; Consistent imaging protocols across 

time points; Quantification of test–retest reliability; Consideration of the minimum detectable 

change threshold 

7.11 The comparative potential of PVS and PSD as biomarkers of 

altered neurofluid dynamics, and the design of an ideal 

longitudinal or multimodal study  

PVS and PSD may be complementary biomarkers. PVS reflects upstream perivascular fluid 

dynamics, PSD reflects downstream drainage capacity. Neither alone provides definitive 

functional information, but together they can offer a more holistic picture of neurofluid alterations 

in ASD. 

An ideal study design would be longitudinal, multimodal, high-resolution MRI with flow-sensitive 

and diffusion-based sequences, combined with standardized neurodevelopmental 

assessments, can help distinguish developmental variability from altered drainage, and 
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potentially link early neurofluid changes to later ASD phenotypes. In addition, the role of sedation 

on PVS and PSD is unknown and must be taken into consideration in future studies.  

7.12 Challenges in pediatric MRI 

Pediatric MRI comes with a unique set of challenges that differ from adult imaging because 

of developmental, technical, and patient-management factors. Researchers must additionally be 

mindful that a pediatric MRI requires careful communication with both the child and their 

caregivers to reduce anxiety, often involving the use of age-appropriate explanations, mock 

scanners, and other child-friendly strategies to create a more tolerable imaging experience.  

7.12.1  Myelination 

In neonatal MRI, the evaluation of myelination presents distinct challenges due to the 

immature state of the newborn brain. At birth, much of the white matter is unmyelinated or only 

partially myelinated, resulting in markedly different signal characteristics from those seen in the 

mature brain, including an inversion of gray- white matter contrast on conventional T1- and T2-

weighted images (Fig 4-1). Myelination progresses rapidly in the first months of life but at region-

specific rates, requiring careful age-matched interpretation to avoid misclassifying normal 

maturation as pathology or overlooking subtle abnormalities. Furthermore, delayed or atypical 

myelination can mimic various white matter disorders, necessitating integration of imaging 

findings with gestational age, clinical history, and, in some cases, follow-up studies. Technical 

considerations, such as optimizing sequence parameters and minimizing motion artifacts in 

unsedated infants, are essential to reliably assess myelination patterns in this population.  

7.12.2  Developmental timeline of brain structures  

Several MRI based atlases have been developed to assist clinicians and researchers to 

interpret images in relationship with the age of the developing brain (454,455). However, these 

atlases are based on sequences acquired with parameters used in clinical practice and what is 

normal on research sequences may be different and difficult to interpret. In addition to 

myelination growth trajectories, the baby brain is constantly changing in terms of cortical folding, 

lobar growth and tissue composition with changes in vascular density, intra- and extracellular 

water concentrations. These age-dependent variations alter signal intensities and gray–white 

matter contrast, making adult imaging standards inapplicable and necessitating age-specific 

normative data for accurate assessment. Additionally, certain findings, such as prominent PVS, 

benign cystic structures, may be normal variants in children but could be misinterpreted as 

pathological in the absence of developmental context.  
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Neonatal and infant head and body are smaller in size. Imaging protocols must therefore 

be adapted from adult standards, with adjustments to sequence parameters, coil selection, and 

field-of-view to account for differences in relaxation times and tissue properties in pediatric 

patients. Safety considerations are also heightened, as children’s smaller body mass and 

ongoing development necessitate stricter adherence to limits on specific absorption rate, 

gradient switching and high magnetic field strengths (456). 

7.12.3  Motion artifacts and possible effect of sedation 

One of the most significant issues is patient cooperation, as children, particularly infants 

and toddlers, often struggle to remain still for the extended periods required for high-quality 

imaging. This predisposes to motion artifacts, which can substantially degrade image quality and 

limit diagnostic accuracy. This is particularly true in research settings where high resolution 

sequences and novel sequences may be time consuming.  In many cases, sedation or general 

anesthesia becomes necessary to minimize movement, but these interventions introduce 

additional concerns, including the risks associated with pharmacologic agents, the need for 

specialized monitoring, and potential effects on neurodevelopment when repeated imaging is 

required. Recent evidence however does suggest that adverse effects due to sedation in MRI are 

negligible (457). Also, sedation will interfere with normal brain physiology by affecting 

cardiovascular parameters. Examining brain perfusion, neurovascular coupling and CSF 

dynamics is therefore difficult.  

7.12.4 Feed and swaddle technique 

To reduce sedation in neonates, the “feed-and-swaddle” technique is a widely used, non-

pharmacological approach to minimize motion during MRI in neonates and young infants, 

reducing or eliminating the need for sedation. This method leverages the natural sleep cycle of 

the infant to achieve stillness during image acquisition. Prior to the scan, the infant is fed—ideally 

immediately before positioning in the scanner—to induce a postprandial sleep state. Once the 

infant is drowsy or asleep, they are gently swaddled in a warm blanket to provide physical 

comfort, restrict limb movement, and maintain body temperature in the cool MRI environment. 

Ear protection is applied to reduce exposure to scanner noise, which can otherwise disturb sleep 

and induce movement. The technique requires careful environmental preparation, including dim 

lighting, minimal handling, and a quiet scanning room, to maximize the likelihood of sustained 

sleep. When executed effectively, the feed-and-swaddle method allows for acquisition of high-

quality images in this age group without the risks associated with sedation or anesthesia. 

However, its success is age-dependent, generally being most effective in infants under three to 
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four months of age, before voluntary movement becomes more frequent and prolonged sleep 

more difficult to maintain in the scanner.  

In neurofluid research, sleep represents a critical variable influencing fluid dynamics and 

must be accounted for when interpreting findings.  

7.12.5 Lack of data on healthy infants and ethical considerations 

Most of the reasons illustrated above, form the basis for the lack of high-quality healthy 

control data set in pediatric MRI research. MRI can be stressful for children. Exposing healthy 

children to sedation purely for research purposes raises ethical concerns and will fail to meet 

institutional review board approval criteria. Also, parents are more reluctant to enroll healthy 

children in studies involving long scan times, loud noises, or confined spaces, especially without 

direct clinical benefit. Scheduling can be difficult, as participation often conflicts with school or 

family obligations. The need for specialized preparation, mock scanner training, or child-life 

support can limit study feasibility. The reporting of incidental findings presents complex legal and 

ethical challenges. Because pediatric brain structure and MRI contrast change rapidly with age, 

large datasets are required to cover all developmental stages. This increases the recruitment 

burden and cost compared to adult studies. Obtaining high-quality pediatric MRI data often 

requires child-friendly infrastructure, such as mock scanners, dedicated pediatric coils, and 

trained personnel. Longitudinal healthy-control data is especially scarce because retaining 

participants over years is logistically difficult and costly. 

7.13 Future directions 

Despite the numerous challenges inherent to pediatric MRI, it remains essential to develop 

strategies that enable the acquisition of high-quality data on brain development and physiology 

in the growing brain. Advancing this knowledge is critical for elucidating the pathophysiological 

basis of neurological disorders, thereby informing targeted treatment approaches and guiding 

investment in effective preventive strategies.  

7.13.1 Large dataset of healthy subjects 

The establishment of a large, high-quality MRI dataset of the pediatric brain would 

represent a transformative resource for neuroscience and clinical medicine. Such a dataset 

would enable the mapping of normative developmental trajectories for brain structure, 

myelination, connectivity, and functional organization across infancy, childhood, and 

adolescence, providing robust age-specific reference standards that are currently lacking. This 
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normative framework would significantly improve the accuracy of detecting deviations 

associated with developmental, genetic, and acquired neurological disorders, allowing for earlier 

and more precise diagnosis. Large-scale pediatric MRI data would also serve as a critical 

foundation for machine learning and artificial intelligence models tailored to pediatric 

neuroimaging.  

7.13.2 Longitudinal studies  

Longitudinal studies to track PVS number and volume over time in both healthy and those 

at risk for neurodevelopmental disorders could be worthwhile, given the promising results in 

identifying enlarged PVS as a potential biomarker. Similarly, the development of PSD during the 

first few years of life would strengthen our knowledge of the normal appearing PSD tissue. Such 

research would facilitate our understanding into how early-life brain changes influence later 

cognitive, behavioral, and clinical outcomes, advancing our understanding of the 

pathophysiological basis of a wide range of neurological conditions including fluid dynamics.  

7.13.3 Omics-imaging 

The integration of omics technologies with neuroimaging—often referred to as “omics 

imaging”— may offer a powerful approach for advancing the understanding of ASD and the 

relevance of PVS and PSD structural markers. Omics methodologies, encompassing genomics, 

transcriptomics, proteomics, metabolomics, and other molecular profiling techniques, provide 

detailed insights into the biological pathways implicated in ASD (458–460). When these 

molecular data are combined with structural and functional brain imaging, it becomes possible 

to directly link cellular and biochemical alterations to specific neuroanatomical regions, 

networks, and developmental trajectories. This multimodal approach has the potential to identify 

biologically meaningful ASD subtypes, thereby addressing the disorder’s well-recognized 

heterogeneity. Furthermore, correlating molecular signatures with imaging phenotypes may 

elucidate the mechanisms through which disruptions in processes such as synaptic regulation, 

immune function, and neuroinflammation manifest as measurable changes in cortical thickness, 

white matter integrity, and functional connectivity. Such integrated datasets also provide a fertile 

ground for developing robust biomarkers for early diagnosis, prognosis, and monitoring of 

treatment response. Ultimately, omics imaging could enable precision medicine strategies in 

ASD by guiding targeted interventions that are tailored to an individual’s unique molecular and 

neurodevelopmental profile, while also informing the timing of these interventions to maximize 

developmental benefit.  
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In my ongoing IRB-approved research, biofluid samples—including tears, nasal secretions, 

and blood—are being collected and stored for proteomic analysis aimed at identifying signatures 

of ASD. These molecular profiles are examined in relation to MRI-derived biomarkers, such as 

PVS and PSD. Establishing such correlations would provide clinical context and significance for 

the MRI-based structural markers that form the focus of this thesis.  

7.14 Conclusions  

In our cohort, PVS and PSD metrics in children with ASD demonstrated significant 

associations with CSF volume and neurodevelopmental measures, underscoring their potential 

as MRI-based biomarkers of altered neurofluid drainage in early life. These findings extend prior 

work on extra-axial CSF enlargement in ASD by suggesting that perivascular and parasagittal 

structures may also reflect underlying disturbances in fluid clearance pathways. Understanding 

the maturation of these systems in the developing brain has important clinical implications. 

Establishing normative developmental trajectories for PVS and PSD could enable earlier 

identification of deviations indicative of neurodevelopmental disorders, including ASD, epilepsy, 

and pediatric cerebrovascular disease. Understanding how clearance pathways form, refine, and 

stabilize in early life may reveal vulnerable points where age-related decline begins, offering a 

mechanistic link between pediatric and adult disease processes. 



Appendix A 

156 

Appendix A PVS visual rating scale 

Grade 0: No PVS are visible. 

Grade 1: 1 to 10 PVS. 

Grade 2: 11 to 20 PVS. 

Grade 3: 21 to 40 PVS. 

Grade 4: More than 40 PVS. 

 

For reference see (164,427).  
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Appendix B Diagnostic Criteria for Autism Spectrum 

Disorder (ASD) Based on Diagnostic and 

Statistical Manual of Mental Disorders, 

5th Edition, Text Revisiona 
• To meet diagnostic criteria for ASD according to DSM-5, a child must have persistent 

deficits in each of 3 areas of social communication and interaction (see A.1. through 
A.3. below) plus at least 2 of 4 types of restricted, repetitive behaviors (see B.1. through 
B.4. below). 

A. Persistent deficits in social communication and social interaction across multiple 
contexts, as manifested by the following, currently or by history (examples are 
illustrative, not exhaustive; see below): 

1. Deficits in social-emotional reciprocity, ranging, for example, from abnormal social 
approach and failure of normal back-and-forth conversation; to reduced sharing of 
interests, emotions, or affect; to failure to initiate or respond to social interactions. 

2. Deficits in nonverbal communicative behaviors used for social interaction, ranging, 
for example, from poorly integrated verbal and nonverbal communication; to 
abnormalities in eye contact and body language or deficits in understanding and 
use of gestures; to a total lack of facial expressions and nonverbal communication. 

3. Deficits in developing, maintaining, and understanding relationships, ranging, for 
example, from difficulties adjusting behavior to suit various social contexts; to 
difficulties in sharing imaginative play or in making friends; to absence of interest in 
peers. 

• Specify current severity: Severity is based on social communication impairments and 
restricted repetitive patterns of behavior. (See below.) 

A. Restricted, repetitive patterns of behavior, interests, or activities, as manifested by at 
least two of the following, currently or by history (examples are illustrative, not 
exhaustive; see text): 

1. Stereotyped or repetitive motor movements, use of objects, or speech (eg, simple 
motor stereotypies, lining up toys or flipping objects, echolalia, idiosyncratic 
phrases). 

2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns or 
verbal nonverbal behavior (eg, extreme distress at small changes, difficulties with 
transitions, rigid thinking patterns, greeting rituals, need to take same route or eat 
food every day). 

3. Highly restricted, fixated interests that are abnormal in intensity or focus (eg, strong 
attachment to or preoccupation with unusual objects, excessively circumscribed 
or perseverative interest). 
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4. Hyper- or hyporeactivity to sensory input or unusual interests in sensory aspects of 
the environment (eg, apparent indifference to pain/temperature, adverse response 
to specific sounds or textures, excessive smelling or touching of objects, visual 
fascination with lights or movement). 

• Specify current severity: Severity is based on social communication impairments and 
restricted, repetitive patterns of behavior. (See below.) 

A. Symptoms must be present in the early developmental period (but may not become 
fully manifest until social demands exceed limited capacities or may be masked by 
learned strategies in later life). 

B. Symptoms cause clinically significant impairment in social, occupational, or other 
important areas of current functioning. 

C. These disturbances are not better explained by intellectual disability (intellectual 
developmental disorder) or global developmental delay. Intellectual disability and 
autism spectrum disorder frequently co-occur; to make comorbid diagnoses of 
autism spectrum disorder and intellectual disability, social communication should be 
below that expected for general developmental level. 

• Note: Individuals with a well-established DSM-IV diagnosis of autistic disorder, 
Asperger disorder, or pervasive developmental disorder not otherwise specified 
should be given the diagnosis of ASD. Individuals who have marked deficits in social 
communication, but whose symptoms do not otherwise meet criteria for ASD, should 
be evaluated for social (pragmatic) communication disorder. 

• Specify if: 

• With or without accompanying intellectual impairment 

• With or without accompanying language impairment (Coding note: use additional 
code to identify the associated medical or genetic condition.) 

• Associated with another neurodevelopmental, mental, or behavioral disorder (Coding 
note: use additional code[s] to identify the associated neurodevelopmental, mental, 
or behavioral disorder[s].) 

• With catatonia 

• Associated with a known medical or genetic condition or environmental factor 
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