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Abstract 

Dysfunction of the glymphatic system (GS), a brain-wide waste clearance pathway 

dependent on polarized aquaporin-4 (AQP4) water channels on astrocytic endfeet, is 

increasingly recognized as a critical mechanism in both neurodegenerative diseases 

and brain tumors. In Alzheimer’s (AD) and Parkinson’s (PD) diseases, impaired 

glymphatic function leads to the accumulation of neurotoxic proteins, including 

amyloid-β (Aβ), tau, and α-synuclein (α-syn). Contributing factors include loss of 

AQP4 polarization, reduced arterial pulsatility, genetic risks (e.g., APOE4, FAM171A2 

mutations), and sleep disturbances. These functional impairments can be quantified 

using neuroimaging biomarkers such as the diffusion tensor imaging along the 

perivascular space (DTI-ALPS) index and choroid plexus volume (CPV), which 

correlate with pathological burden and clinical decline, though the direct 

physiological interpretation of these metrics requires further validation. Conversely, in 

glioblastoma and other brain tumors, mechanical compression and lactate-driven 

acidosis obstruct perivascular fluid transport, promoting an immunosuppressive tumor 

microenvironment that limits T-cell infiltration and confers therapeutic resistance. 

Here, too, glymphatic dysfunction is reflected by a reduced ALPS index, which 

correlates with tumor grade, peritumoral edema, and survival. Emerging therapeutic 

strategies aimed at restoring GS function include pharmacological interventions (e.g., 

circadian regulators, AQP4 modulators), non-invasive techniques (e.g., cervical 

lymphatic stimulation, gamma entrainment, exercise), and surgical approaches (e.g., 

lymphatic-venous anastomosis). Advances in multimodal MRI and artificial 
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intelligence (AI)-enhanced analytics further support novel diagnostic capabilities. 

This review highlights the dual role of the GS across neurological disorders and 

underscores its potential as a therapeutic target for enhancing waste clearance and 

immune modulation. However, significant challenges remain, including the validation 

of human biomarkers, elucidating bidirectional tumor–glymphatic crosstalk, and 

translating preclinical discoveries into clinical practice. 

Keywords: glymphatic system; AQP4; proteinopathy; tumor microenvironment;  

neuroimmunology; DTI-ALPS index 

 

Introduction 

The glymphatic system (GS) is a recently identified macroscopic waste clearance 

network in the central nervous system that facilitates the exchange of cerebrospinal 

fluid (CSF) and interstitial fluid (ISF). This process is driven by cerebrospinal fluid 

influx along periarterial spaces, which then penetrates the brain parenchyma via 

astrocytic aquaporin-4 (AQP4) water channels polarized on their endfeet. 

Subsequently, fluid and solutes, including metabolic waste and proteins, are cleared 

along perivenous and perineural pathways, ultimately draining into the meningeal 

lymphatics and cervical lymphatic vessels (cLVs) as a major efflux route[1-3]. It is 

important to note that waste solutes and ISF are cleared via multiple parallel pathways; 

a significant portion also exits the cranium through alternative routes, including the 

traditionally described arachnoid villi into the dural venous sinuses, along perineural 

pathways (e.g., olfactory and optic nerves) to the nasal mucosa and cervical 
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lymphatics, or directly into the venous blood circulation[4-6]. Structurally, the GS 

utilizes the perivascular spaces (PVS) formed by astrocyte endfeet ensheathing 

cerebral arteries, capillaries, and veins[7]. Seminal work by Iliff et al. (2012) 

established that CSF influx occurs primarily along para-arterial routes, while 

interstitial solutes such as amyloid-β (Aβ) are cleared via paravenous drainage, with 

AQP4-dependent astrocytic water transport driving this bulk flow[2]. These PVS 

communicate directly with the subarachnoid space, enabling low-resistance CSF flow 

into deep brain regions[8]. Neuroimaging studies using intrathecal contrast agents 

have demonstrated that CSF enters the brain along major ventral arteries—specifically, 

via the anterior cerebral artery to the mediobasal frontal lobe and cingulate cortex, via 

the middle cerebral artery to the insula, and via posterior circulation pathways to 

limbic structures. From these entry points, contrast agent distributes rostrally and 

dorsally to cortical areas and deeper structures, including the corpus callosum and 

basal ganglia[9,10]. Recent anatomical mapping in Prox1-GFP mice has further 

delineated the outflow pathway of CSF through meningeal lymphatics at the skull 

base, which connects to extracranial lymphatic vessels, including periorbital, olfactory, 

nasopharyngeal, and hard palate lymphatics, ultimately draining into superficial 

cervical lymph nodes (CLNs)[11] (Figure 1). At the dura mater level, mast cells have 

been identified as key regulators of CSF dynamics at arachnoid cuff exit (ACE) points, 

where they modulate CSF–dura exchange through histamine release, influencing 

perivascular space morphology and immune cell recruitment[12].  

Beyond its role in waste clearance, the GS regulates neuroimmune interactions, 
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thereby influencing the progression of neurodegenerative disorders such as 

Alzheimer’s (AD) and Parkinson’s (PD), as well as cerebral malignancies[13]. 

Emerging evidence highlights its context-dependent duality: impaired glymphatic 

function contributes to the accumulation of neurotoxic proteins (e.g., Aβ and tau) in 

neurodegenerative conditions and aging, whereas in brain tumors, including gliomas 

and lymphomas, glymphatic activity may facilitate the formation of an 

immunosuppressive tumor microenvironment (TME), promoting therapeutic 

resistance[14]. This dichotomous role underscores the system’s critical dependence on 

specific tissue microenvironments and pathological contexts. 

Clinical and preclinical studies indicate that glymphatic function is vulnerable to 

age-related decline, surgical stress, and pharmacological modulation. Perioperative 

studies in aged mouse models demonstrate that anesthesia combined with laparotomy 

synergistically impairs glymphatic clearance, correlating with postoperative delirium 

and accelerated accumulation of Aβ and tau[15]. Disruptions in sleep 

architecture—particularly non-rapid eye movement (non-REM) sleep, which is 

critical for glymphatic regulation—suppress CSF-ISF exchange, exacerbating protein 

aggregation[16]. Age-related reduction in glymphatic efficiency is associated with 

decreased meningeal lymphatic density and impaired nitric oxide (NO) signaling. 

Notably, non-invasive mechanical stimulation of cervical lymphatics using 

force-regulated devices has been shown to restore lymphatic contractility, double CSF 

outflow in aged models, and reverse functional impairment[11]. Conversely, emerging 

neuromodulatory approaches such as 40 Hz sensory stimulation enhance glymphatic 
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flow via adenosine A2A receptor (A2AR) signaling, offering translational potential 

for mitigating neuroinflammation[17]. Despite these advances, critical knowledge 

gaps remain regarding bidirectional glymphatic–tumor interactions, the validation of 

neuroimaging biomarkers for early disease detection, and the mechanistic links 

between AQP4 polarization and immune cell trafficking[14]. 

This review synthesizes contemporary insights into glymphatic pathophysiology, 

emphasizing its integral role in neurodegeneration and brain tumors. We critically 

evaluate the molecular mechanisms driving glymphatic impairment, emerging 

diagnostic tools, and innovative therapeutic strategies, with the aim of catalyzing 

interdisciplinary research that bridges mechanistic discovery and clinical translation. 

 

Fig. 1 Interstitial Solute and Fluid Clearance in the Glymphatic System. (1) Driven by arterial 

pulsations and the polarized distribution of aquaporin-4 (AQP4) channels on astrocytic endfeet, 

cerebrospinal fluid (CSF) undergoes convective bulk flow into the brain parenchyma. Within the 
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interstitial space, CSF mixes with interstitial fluid (ISF), facilitating the clearance of solutes, 

including metabolic waste, misfolded proteins, and extracellular molecules, via bulk fluid 

transport. Solute-laden ISF is subsequently cleared along paravenous routes adjacent to veins, 

ultimately draining into the cervical lymphatic system and systemic circulation. (2) Concurrently, 

CSF exits the cranial compartment through arachnoid granulations into the dural venous sinuses 

and via meningeal lymphatic vessels (mLVs) within the dura mater.  

1. Mechanisms of Glymphatic Dysfunction in Neurodegenerative Diseases 

1.1 Glymphatic Dysfunction in AD and PD 

1.1.1 Glymphatic Dysfunction in AD 

The GS is a crucial regulator of brain homeostasis, and its dysfunction represents a 

pivotal mechanism in the pathogenesis of AD. Central to this system is AQP4, a water 

channel protein densely polarized at astrocytic endfeet that orchestrates CSF–ISF 

exchange. In AD, disrupted polarization of AQP4 significantly reduces the efficiency 

of CSF–ISF exchange by 40–60%, which strongly correlates with Aβ plaque 

deposition, tau hyperphosphorylation, and early cognitive decline[18,19]. This 

dysregulation initiates a self-reinforcing cycle of impaired protein clearance and 

neurotoxicity. Postmortem analyses confirm a marked reduction in perivascular AQP4 

localization in AD patients[19]. Pharmacological inhibition of AQP4 (e.g., using 

TGN-020) accelerates tau propagation and compromises the clearance of pathogenic 

proteins, further exacerbating disease progression[20]. 

Sleep deprivation increases interstitial tau in mice and CSF tau in humans, and 

promotes tau pathology spread in seeding models, underscoring the critical influence 
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of the sleep–wake cycle on tau dynamics[21]. Accumulating evidence implicates 

glymphatic dysfunction in AD pathogenesis, demonstrating strong associations with 

Aβ accumulation and related pathology[22]. Advanced neuroimaging provides robust 

diagnostic and prognostic biomarkers of this impairment. The diffusion tensor image 

analysis along the perivascular space (DTI-ALPS) index—a non-invasive metric of 

glymphatic function—is consistently reduced in AD patients. This reduction 

correlates with enlarged PVS in the basal ganglia (BG-PVS), diminished Aβ clearance, 

poorer cognitive performance, and cerebral atrophy[23-28]. Importantly, the ALPS 

index predicts Aβ deposition, clinical progression, and cognitive decline, with 

amyloid pathology and neurodegeneration mediating the relationship between 

lymphatic dysfunction and cognitive impairment[24]. Moreover, the cerebrospinal 

fluid fraction (CSFF) also shows promise as a biomarker, exhibiting a positive 

correlation with Aβ deposition at the individual level and spatial correspondence 

between regions of Aβ accumulation and impaired glymphatic clearance[29]. 

Alterations in putative MRI-based biomarkers of GS function and CSF AQP4 levels 

further underscore the interplay between glymphatic impairment and 

neurodegeneration in AD[30]. A recent study using intravoxel incoherent motion 

(IVIM) MRI reported that the pseudodiffusion coefficient is significantly reduced 

following sleep deprivation and tends to be lower in older adults compared to younger 

individuals, supporting the utility of non-contrast MRI in detecting sleep- and 

aging-related impairments in CSF dynamics[31].  

Multiple factors contribute to glymphatic dysfunction in AD. Genetic susceptibility 
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plays a key role: the apolipoprotein E ε4 (APOE4) allele significantly increases AD 

risk, with heterozygous and homozygous carriers facing 4-fold and 12-fold higher 

risks, respectively[32]. In vivo evidence suggests that APOE impedes Aβ clearance 

across the blood–brain barrier (BBB)[33]. Mutations in the Family With Sequence 

Similarity 171 Member A2 (FAM171A2) gene disrupt the stability of progranulin 

(PGRN) in CSF, thereby contributing to neurodegenerative pathogenesis[34,35]. 

Vascular aging synergizes with these mechanisms; arteriolosclerosis diminishes 

arterial pulsatility (reducing glymphatic efficiency), and hypertension exacerbates 

inadequate CSF propulsion, leading to greater tau accumulation in uncontrolled 

hypertension[36,37]. Romay et al. (2023) demonstrated that Neurogenic Locus Notch 

Homolog Protein 3 (NOTCH3) mutations cause glymphatic dysfunction and 

accelerate brain senescence in cerebral autosomal dominant arteriopathy with 

subcortical infarcts and leukoencephalopathy (CADASIL)[38]. Ischemic heart disease 

(IHD) independently increases AD risk by impairing glymphatic function[39]. 

Furthermore, impaired perivascular CSF pulsation conduction in AD compromises 

vascular pulsatile function, diminishing Aβ clearance[40]. The bidirectional 

relationship between sleep disturbances and AD is mediated through 

APOE4-dependent reductions in AQP4 polarization and sleep deprivation-induced 

microglial dysregulation[41,42].  

The choroid plexus (CP), the primary producer of CSF, also plays a role: increased 

choroid plexus volume (CPV) and blood flow in AD correlate with tau levels, 

suggesting its involvement in disease progression[43]. Proteomic studies have 
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identified seven key proteins (NSUN6, GRAAK, OLFML3, ACTN2, RUXF, SHPS1, 

and TIM-4) that link immune response alterations to GS failure in the elderly, 

potentially serving as biomarkers for predicting mild cognitive impairment (MCI) and 

AD[44]. Meningeal lymphatic vessels (mLVs) are severely compromised; AD mouse 

models exhibit approximately 70% reduction in mLV drainage volume compared to 

wild-type controls, with further decline as the disease progresses[45]. Novel imaging 

techniques such as dual-contrast functional photoacoustic microscopy, capable of 

depth imaging up to 3.75 mm, are elucidating mLV morphology and dynamics, 

confirming directional CSF flow toward lymph nodes and identifying a peak drainage 

window 20–40 minutes post-injection[45].  

In summary, glymphatic and meningeal lymphatic dysfunction, characterized by 

impaired AQP4 polarization and failure of clearance pathways, constitutes a central 

mechanism in AD. This dysfunction is intimately linked to Aβ and tau pathology, 

vascular risk factors, genetic susceptibility, and sleep disruption. Advances in imaging 

(e.g., ALPS index, CSFF, photoacoustic microscopy) and biomarker research are 

deepening our understanding and providing new diagnostic tools. Emerging 

therapeutic strategies targeting fluid dynamics, AQP4, mLVs, and clearance pathways 

hold significant promise for mitigating AD progression by restoring brain 

homeostasis[46,47]. 

1.1.2 Glymphatic Dysfunction in PD 

PD pathophysiology is characterized by significant glymphatic impairment. Central 

to this dysfunction is the obstruction of PVS by α-syn aggregates, which reduces 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

clearance efficiency by approximately 30% and accelerates dopaminergic 

neurodegeneration[14]. This impairment is mechanistically linked to matrix 

metalloproteinase-9 (MMP-9)-mediated cleavage of β-dystroglycan, disrupting the 

critical polarization of AQP4 water channels[48]. The resulting failure in 

AQP4-mediated fluid dynamics creates a self-perpetuating cycle of impaired protein 

clearance. Environmental factors further exacerbate this pathology; exposure to air 

pollution induces neuroinflammation and sleep abnormalities that collectively impair 

glymphatic function, representing a proposed etiological mechanism in 

neurodegenerative progression[49]. Aging synergistically promotes dysfunction 

through astrocytic senescence and extracellular matrix remodeling mediated by 

MMP-9 activation[48].  

Clinical evidence highlights the CP as a key component of GS dysfunction in PD. 

CP enlargement is associated with baseline frontal/executive dysfunction and early 

dementia progression[50], while its volume (CPV)—readily quantifiable on routine 

brain MRI—shows potential as a biomarker for both baseline motor disability and its 

longitudinal progression[51]. Glymphatic dysfunction also mediates the impact of 

peripheral inflammation on motor symptoms in PD, with distinct inflammatory 

characteristics observed between tremor-dominant (TD) and postural instability/gait 

difficulty (PIGD) subtypes[52]. 

Advanced neuroimaging reveals consistent biomarkers of glymphatic impairment in 

PD. The DTI-ALPS index is reduced in PD patients, initially declining in the left 

hemisphere with subsequent involvement of the right[53]. This reduction correlates 
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with increased PVS burden[54] and is closely associated with both aging and disease 

progression, particularly with enlarged PVS (EPVS) in the BG region[55,56]. The 

ALPS index shows promise not only for differentiating PD patients from healthy 

controls but also for predicting longitudinal motor decline[13]. PVS alterations are 

especially prominent in familial PD (FPD) and carriers of leucine-rich repeat kinase 2 

(LRRK2) mutations[57]. Furthermore, glymphatic dysfunction correlates with 

cognitive decline in PD, where regional cortical degeneration may link impaired 

clearance to cognitive deficits[58], and is associated with motor symptom severity and 

subtype[59]. A novel functional indicator, decoupling between global 

blood-oxygen-level-dependent (gBOLD) signals and CSF inflow dynamics, correlates 

with longitudinal motor impairment and psychiatric symptoms in PD, potentially 

serving as a biomarker of glymphatic dysfunction and revealing new lymphatic 

mechanisms underlying PD pathophysiology[60,61].   

Alpha-synucleinopathy represents a common pathological feature in both idiopathic 

REM sleep behavior disorder (iRBD) and PD, with AQP4-mediated glymphatic 

activity critically regulating parenchymal α-syn dynamics[14,62]. Consequently, 

restoring glymphatic function emerges as a promising therapeutic strategy to delay 

PD progression. Meningeal lymphatic dysfunction is specifically implicated in 

idiopathic PD (iPD), suggesting that enhancing meningeal lymphatic drainage offers a 

viable therapeutic target[63]. Interventions targeting the GS, such as CP regulation or 

AQP4 restoration, represent promising approaches for modifying disease 

progression[19,64]. Modulation of GS function may enable innovative therapeutic 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

strategies through early biomarker identification, control of genetic and vascular risk 

factors, and multimodal interventions, though further research is needed to validate 

and standardize these approaches[65]. 

1.1.3 Conclusion 

Glymphatic dysfunction represents a critical convergent mechanism in both AD and 

PD, fundamentally disrupting brain homeostasis and driving core pathological 

features. In AD, impaired polarization of AQP4 at astrocytic endfeet initiates a 

self-sustaining cycle of reduced CSF–ISF exchange, pathological accumulation of Aβ 

and tau, and cognitive decline. This process is exacerbated by genetic factors (e.g., 

APOE4), vascular abnormalities (e.g., diminished arterial pulsatility), and lifestyle 

contributors (e.g., sleep disruption), with mLV drainage severely compromised. In PD, 

obstruction of PVS by α-syn aggregates reduces clearance efficiency, accelerating 

dopaminergic degeneration. MMP-9-mediated disruption of AQP4 polarization and 

meningeal lymphatic impairment further propagate pathology, compounded by 

environmental triggers (e.g., air pollution) and aging. 

Advanced neuroimaging biomarkers quantitatively capture this dysfunction: the 

DTI-ALPS index correlates with Aβ and tau burden as well as cognitive decline in 

AD, while in PD it tracks motor progression, hemispheric asymmetry, and cognitive 

impairment. CP enlargement serves as a structural indicator in both diseases. Crucially, 

the glymphatic–meningeal lymphatic axis influences disease-specific 

manifestations—Aβ/tau deposition and memory loss in AD, and α-syn spread 

accompanied by motor/cognitive decline in PD. Figure 2 provides a schematic 
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summary of these key mechanisms underlying glymphatic dysfunction in AD and PD.

 

Fig. 2 Glymphatic dysfunction in Alzheimer’s disease (AD) and Parkinson’s disease (PD). The 

glymphatic system, driven by aquaporin-4 (AQP4)-mediated cerebrospinal fluid–interstitial fluid 

(CSF–ISF) exchange, is a critical regulator of protein clearance and brain homeostasis. (1) In AD: 

Loss of AQP4 polarization at astrocytic endfeet reduces CSF–ISF exchange efficiency by ~40–

60%, leading to impaired clearance of amyloid-β (Aβ) and hyperphosphorylated tau. This 

clearance failure initiates a vicious cycle, where protein accumulation exacerbates glymphatic 

dysfunction and accelerates cognitive decline. Risk factors including small artery sclerosis, sleep 

disturbances, apolipoprotein E4 (APOE4) genotype, and genetic mutations (e.g., family with 

sequence similarity 171 member A2 (FAM171A2)) further impair glymphatic transport. Diagnostic 
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biomarkers of glymphatic dysfunction in AD include diffusion tensor imaging along the 

perivascular space (DTI-ALPS) index, cerebrospinal fluid fraction (CSFF), CSF-AQP4 levels, 

choroid plexus volume (CPV), immune-related proteome, and photoacoustic microscopy. (2) In 

PD: α-synuclein aggregates obstruct perivascular spaces (PVS) and disrupt AQP4 polarization, 

reducing glymphatic clearance efficiency by ~30% and contributing to Lewy body formation, 

dopaminergic neurodegeneration, and motor/cognitive decline. Converging mechanisms include 

β-dystroglycan cleavage mediated by matrix metalloproteinase-9 (MMP-9), neuroinflammation, 

astrocytic senescence, extracellular matrix remodeling, and environmental exposures such as air 

pollution. Aging exerts synergistic effects, while choroid plexus (CP) enlargement reflects altered 

CSF dynamics and correlates with motor and cognitive decline. Diagnostic biomarkers include the 

DTI-ALPS index, perivascular space changes, global blood oxygen level-dependent cerebrospinal 

fluid (gBOLD-CSF) dynamic decoupling, and CPV. 

1.2 Glymphatic Dysfunction in Amyotrophic Lateral Sclerosis (ALS)  

Emerging evidence indicates that glymphatic impairment represents a common 

pathogenic mechanism across neurodegenerative disorders, including ALS. The GS, 

which facilitates metabolic waste clearance via CSF–ISF exchange, exhibits early 

dysfunction in ALS. This impairment correlates with clinical disability progression 

and sleep disturbances, largely independent of the rate of disease progression[66]. 

Similar glymphatic deficits are observed in multiple sclerosis (MS) and traumatic 

brain injury (TBI) models (see Section 1.3), where they exacerbate 

neuroinflammation and cognitive deficits, whereas restoring glymphatic function 

improves outcomes[67,68].  
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Age-related decline in glymphatic efficiency is thought to contribute to the 

accumulation of pathological proteins, particularly TAR DNA-binding protein 43 

(TDP-43) in ALS and ALS–frontotemporal dementia (ALS–FTD), as well as 

dysregulation of glutamate, which may drive early neuronal hyperexcitability[69,70]. 

Non-REM slow-wave sleep, a key regulator of glymphatic activity, represents a 

modifiable risk factor, with sleep disturbances potentially accelerating 

neurodegenerative processes[71].  

Advanced neuroimaging markers, such as the ALPS index and CPV, offer insights 

into glymphatic function. One study found these markers to be significantly 

negatively correlated and functionally linked to glymphatic dysfunction, with both 

measures also associated with aging[72]. DTI-ALPS reveals reduced glymphatic 

indices in ALS patients compared to both healthy controls and individuals with 

primary lateral sclerosis, suggesting a disease-specific pathophysiology[66]. 

Longitudinal studies in TDP-43 mouse models demonstrate altered glymphatic flux 

occurring prior to motor symptom onset, alongside dysregulation of AQP4 and 

progressive neurodegeneration, highlighting its potential as a presymptomatic 

biomarker[69,73].  

Although current human imaging modalities remain limited, emerging technologies 

such as three-photon microscopy show promise for providing deeper mechanistic 

insights[74], but this technique requires a cranial window and is invasive, making it 

unsuitable for human use. The temporal relationship between glymphatic decline and 

disease onset underscores the therapeutic potential of early intervention. Preclinical 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

evidence indicates that enhancing glymphatic function could mitigate protein 

aggregation and neurotoxicity, warranting further clinical investigation[75,76].  

Critical knowledge gaps persist regarding fluid transport dynamics and blood–

lymphatic interactions in neurodegeneration, necessitating multidisciplinary 

approaches to optimize CSF-directed interventions and biomarker development[70]. 

Systematic investigation of sleep modulation and glymphatic enhancement during 

presymptomatic and early stages of ALS may yield innovative strategies to slow 

disease progression (as summarized in Figure 3).  

 

Fig. 3 Glymphatic dysfunction in amyotrophic lateral sclerosis (ALS). In ALS, glymphatic system 

impairment disrupts cerebrospinal fluid–interstitial fluid (CSF–ISF) exchange and waste clearance, 

contributing to the accumulation of misfolded TAR DNA-binding protein 43 (TDP-43) and 

promoting neurotoxicity. Loss of polarized aquaporin-4 (AQP4) expression at astrocytic endfeet, 

together with microglia- and astrocyte-mediated neuroinflammation, further impairs clearance 
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pathways. These processes lead to motor neuron degeneration and muscle atrophy, with 

contributing factors including glutamate dysregulation, aging, and sleep disturbances. Glymphatic 

dysfunction precedes overt neurodegeneration, suggesting its role as an early pathogenic event. 

Diagnostic biomarkers include diffusion tensor imaging–along the perivascular space (DTI-ALPS) 

index, three-photon microscopy, cerebrospinal fluid TDP-43 levels, choroid plexus volume (CPV), 

inflammatory cytokines, and neurofilament light chain (NfL). 

1.3 Glymphatic Dysfunction in TBI  

TBI profoundly disrupts both the GS and meningeal lymphatic drainage, 

contributing significantly to acute and chronic neurological impairments. This 

dysfunction arises through multiple interconnected mechanisms. An early critical 

event is the post-TBI “noradrenergic storm,” characterized by hyperactivation of 

noradrenergic pathways that suppress glymphatic influx and impair cervical 

lymphatic contractility[77,78]. This leads to “glymphatic-stagnated edema,” marked 

by fluid retention and compromised waste clearance. Elevated intracranial pressure 

(ICP) further impedes lymphatic flow, with the severity of glymphatic-lymphatic fluid 

transport system (GLFTS) impairment correlating directly with ICP levels[68,79]. 

Pre-existing lymphatic dysfunction exacerbates neuroinflammation and cognitive 

deficits[68]. 

A central pathophysiological feature is the mislocalization or depolarization of 

AQP4 at astrocytic endfeet, which is essential for efficient fluid clearance[80,81]. 

Blast-induced TBI models reveal delayed glymphatic dysfunction specifically 

associated with AQP4 mislocalization[81]. This disruption aggravates edema 
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formation and impairs the clearance of neurotoxic waste, including phosphorylated 

tau and Aβ[77,80,82]. The resulting failure of clearance mechanisms perpetuates a 

vicious cycle: impaired removal of neurotoxic debris and danger-associated molecular 

patterns (DAMPs) sustains neuroinflammation, while edema and elevated ICP further 

disrupt fluid homeostasis, compounded by microglial dysfunction and immune 

dysregulation[83]. 

Clinically, chronic glymphatic impairment is evidenced by an increased burden of 

MRI-visible PVS in blast-exposed veterans and individuals with repetitive head 

injuries, which correlates with post-concussive symptoms, neurodegeneration risk, 

and poorer verbal memory performance[81,84-86]. A single moderate-to-severe TBI 

is also associated with greater EPVS burden, indicating persistent GS dysfunction[86]. 

Advanced neuroimaging techniques confirm these deficits: dynamic 

contrast-enhanced MRI (DCE-MRI) and the DTI-ALPS index provide quantitative 

evidence of glymphatic impairment, linking it to cytotoxic edema and 

proteinopathies[87]. Biomarkers such as reduced serum/CSF neurofilament light 

(NF-L) ratios following subarachnoid hemorrhage (SAH) indicate disrupted 

glymphatic efflux and predict clinical outcomes[88]. Preliminary studies using 3D 

arterial spin labeling (ASL) MRI also show potential for identifying delayed 

glymphatic clearance after TBI[89].  

In summary, glymphatic and meningeal lymphatic dysfunction represents a 

convergent pathophysiological mechanism in TBI, bridging acute injury to chronic 

neurodegeneration risk through impaired clearance of proteins (e.g., tau, Aβ, and 
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α-syn)[90], neuroimmune dysregulation, and disrupted fluid homeostasis. The 

integration of biomarkers, such as PVS burden, NF-L ratios, DCE-MRI, and the 

DTI-ALPS index, strengthens the association between glymphatic impairment and 

clinical outcomes[87,88](as summarized in Figure 4). Future therapeutic strategies 

should prioritize targeting this system—via adrenergic signaling, AQP4 dynamics, 

lymphatic remodeling, sleep regulation, or novel technologies—to disrupt this 

pathological cycle and improve outcomes. Non-invasive biomarkers like the ALPS 

index and interventions that enhance drainage hold transformative potential for TBI 

and related conditions[70,91]. 

 

Fig. 2 Glymphatic dysfunction in traumatic brain injury (TBI). TBI disrupts both glymphatic and 

meningeal lymphatic clearance pathways, contributing to acute and chronic neurological deficits. 

Post-TBI hyperactivation of noradrenergic pathways (“noradrenergic storm”) suppresses 

glymphatic influx and cervical lymphatic contractility, promoting fluid stagnation and impaired 
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waste removal. Elevated intracranial pressure (ICP), blast-induced injury, and aquaporin-4 (AQP4) 

mislocalization at astrocytic endfeet further exacerbate glymphatic-stagnated edema and reduce 

clearance of toxic solutes such as phosphorylated tau and amyloid-beta (Aβ). Neuroinflammation 

and microglial dysfunction perpetuate a vicious cycle of impaired clearance, immune 

dysregulation, and edema. Clinically, this dysfunction manifests as increased perivascular space 

(PVS) burden and cognitive decline, with advanced imaging biomarkers—including diffusion 

tensor imaging along the perivascular space (DTI-ALPS) index, dynamic contrast-enhanced 

magnetic resonance imaging (MRI), arterial spin labeling (ASL) MRI, and serum/cerebrospinal 

fluid (CSF) neurofilament light ratios—providing quantitative evidence of impaired glymphatic 

function. 

2.Glymphatic Dysfunction in Brain Tumors  

2.1 Tumor Microenvironment (TME) and Metabolic Dysregulation  

The GS, a crucial pathway for brain waste clearance, is profoundly disrupted in 

glioblastoma (GBM) and other intracranial malignancies. GBM exerts mechanical 

stress exceeding 5 kPa, compressing PVS and reducing the rate of CSF–ISF 

exchange[92]. This compression-driven dysfunction is compounded by significant 

metabolic alterations. Hypoxia-inducible factor 1α (HIF-1α) signaling mediates 

lactate accumulation, acidifying the TME and impairing the polarization of AQP4[93]. 

Notably, accumulated lactate activates the G-protein coupled receptor GPR81 on 

tumor-associated immune cells, triggering cAMP–PKA signaling that suppresses 

natural killer (NK) cell cytotoxicity and restricts infiltratio of cytotoxic T 

lymphocytes[93,94]. Concurrently, lactate promotes histone lactylation in immune 
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cells—an epigenetic modification that drives the expression of immunosuppressive 

genes such as VEGF and ARG1[93]. These pathological changes collectively disrupt 

fluid dynamics, trapping lactate and pro-inflammatory mediators within the TME and 

fostering an immunosuppressive niche that accelerates tumor progression and confers 

therapeutic resistance[93-96].  

Experimental evidence confirms that the solid pressure generated by growing 

tumors directly impedes lymphatic fluid transport, independent of cancer cell 

biochemistry[92]. Studies in rats with spontaneous pituitary tumors further 

demonstrate compromised glymphatic transport, which increases the risk of 

neurodegeneration and may underlie cognitive impairment in patients with pituitary 

tumors[97]. This reduction in glymphatic clearance leads to the accumulation of toxic 

waste solutes and pro-inflammatory signaling molecules, potentially exacerbating 

GBM progression[96].  

2.2 Clinical Evidence and Neuroimaging Biomarkers 

Clinical studies corroborate these mechanistic insights. In a cohort of 84 brain 

tumor patients and 59 controls, patients exhibited significantly reduced glymphatic 

function alongside elevated CSF volume. Tumor volume was inversely correlated 

with the DTI-ALPS index. AQP4 expression positively correlated with peritumoral 

edema volume and inversely with proton density in edematous regions[98]. Further 

stratification revealed that patients with GBM had lower ALPS-index values than 

those with lower-grade gliomas. IDH1-wildtype tumors exhibited more severe 

glymphatic dysfunction than IDH1-mutant tumors. Notably, IDH1-wildtype gliomas 
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and those with larger peritumoral brain edema (PTBE) volumes were associated with 

a lower ALPS index, reflecting impaired glymphatic function. Worse contralateral 

glymphatic function correlated with shorter survival, underscoring its prognostic 

relevance[99-101]. A recent large-scale retrospective study of 437 glioma patients 

further demonstrated that a lower ALPS index was significantly associated with more 

aggressive tumor phenotypes—including higher grade, IDH-wildtype status, and 

intact 1p19q—and served as an independent predictor of shorter overall survival. The 

ALPS index correlated with radiomic features reflecting edema geometry and 

intratumoral heterogeneity. Its integration with radiomic data improved the accuracy 

of survival prediction, highlighting its potential as a noninvasive prognostic 

biomarker in glioma[102].  

In meningiomas, PTBE volume negatively correlates with the ALPS index, 

suggesting that PTBE formation may be linked to GS dysfunction[103]. In pediatric 

medulloblastoma (MB) patients, radiotherapy may transiently increase PVS volume, 

while chemotherapy or radiotherapy can reduce PVS over time. Anesthesia and 

diversion surgery also significantly influence PVS measurements[104].  

2.3 Glymphatic Dysfunction in Cerebral Metastases  

Although most evidence regarding glymphatic dysfunction in brain tumors derives 

from primary malignancies such as glioma and meningioma, its role in cerebral 

metastases, the most common intracranial tumors, is increasingly recognized. Similar 

to primary tumors, brain metastases exert mass effects and disrupt local fluid 

dynamics. A key clinical manifestation is PTBE, which has traditionally been 
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attributed solely to BBB breakdown and increased vascular permeability due to 

angiogenic factors. However, emerging data indicate that impaired glymphatic 

clearance is a significant and underappreciated contributing factor.  

Neuroimaging studies in patients with brain metastases reveal that a lower 

DTI-ALPS index, indicative of worse glymphatic function, independently correlates 

with larger PTBE volume. This association persists after controlling for tumor volume 

and intratumoral hemorrhage, suggesting that edema accumulation results not only 

from barrier leakage but also from inadequate fluid drainage via perivenous 

glymphatic pathways. Concurrently, higher tumor apparent diffusion coefficient 

(ADC) values may reflect increased water influx into the interstitial space, further 

supporting the model of disrupted inflow-clearance homeostasis[105].  

These findings posit glymphatic dysfunction as a key parallel mechanism in the 

pathogenesis of PTBE in metastatic disease, complementing classical vascular 

theories. This expanded understanding could inform novel therapeutic strategies 

aimed at modulating fluid clearance to alleviate edema and potentially improve drug 

delivery in patients with brain metastases. Comparative characteristics of glymphatic 

dysfunction in primary brain tumors and cerebral metastases are summarized in Table 

1. 
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Table 1: Comparative Characteristics of Glymphatic Dysfunction in Primary  Tumors and 

Cerebral Metastases 

Tumor Type 

DTI-ALPS 

Index 

Changes 

Prognostic/Clinical 

Correlations 

Key 

Pathogenic 

Features 

Potential 

Therapeuti

c 

Implication

s 

Referen

ces 

Glioma 

Significantly 

reduced vs. 

controls 

(1) Inversely correlates 

with tumor volume; 

(2) Lower in GBM vs. 

lower-grade gliomas; 

(3) Lower 

in IDH1-wildtype 

vs. IDH1-mutant tumors; 

(4) Contralateral 

reduction correlates 

with shorter survival 

(1) Strong 

inverse 

correlation 

with PTBE 

volume; 

(2) Impaired 

AQP4 

polarization 

due to 

mechanical 

compression 

(>5 kPa) and 

lactate-drive

n acidosis 

Targeting 

glymphatic 

restoration 

may 

alleviate 

PTBE, 

enhance 

drug 

delivery, 

and 

improve 

immunother

apy 

response. 

[98-101] 

Meningioma 

Reduced (inver

sely correlates 

with PTBE 

volume) 

(1) PTBE volume 

negatively correlates 

with ALPS index, 

Suggesting glymphatic 

impairment contributes 

to edema formation 

(1) 

Peritumoral 

edema 

pathogenesis 

linked to GS 

dysfunction; 

Reducing 

tumor mass 

effect and 

enhancing 

perivenous 

drainage 

[103] 
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Tumor Type 

DTI-ALPS 

Index 

Changes 

Prognostic/Clinical 

Correlations 

Key 

Pathogenic 

Features 

Potential 

Therapeuti

c 

Implication

s 

Referen

ces 

(2) 

Compressio

n of 

perivascular 

spaces by 

tumor mass 

could 

mitigate 

edema and 

improve 

outcomes. 

Medulloblast

oma 

Limited direct 

ALPS index 

data reported 

(1) PVS dynamics 

altered by therapy: a. 

Transient PVS increase 

post-radiotherapy; b. 

PVS reduction 

post-chemotherapy/radiot

herapy 

(2) Anesthesia and 

diversion surgery affect 

PVS measurements 

(1) CSF 

outflow 

obstruction 

suspected 

(similar to 

glioma 

models) 

(2) 

Therapeutic 

interventions 

significantly 

alter 

glymphatic/

PVS 

morphology 

Monitoring 

and 

preserving 

PVS 

integrity 

during 

treatment 

may reduce 

long-term 

cognitive 

sequelae. 

[104] 

Cerebral Reduced (lowe (1) Independent (1) Modulating [105] 
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Tumor Type 

DTI-ALPS 

Index 

Changes 

Prognostic/Clinical 

Correlations 

Key 

Pathogenic 

Features 

Potential 

Therapeuti

c 

Implication

s 

Referen

ces 

Metastases r ALPS index 

correlates with 

larger PTBE) 

association with PTBE 

volume after controlling 

for tumor volume and 

hemorrhage; 

(2) Higher ADC values 

suggest interstitial fluid 

influx 

Glymphatic 

dysfunction 

contributes 

to 

PTBE along

side BBB 

breakdown; 

(2) Tumor 

mass effect 

and local 

fluid 

dynamic 

disruption 

glymphatic 

clearance 

(e.g., via 

cervical 

lymphatic 

stimulation) 

may 

represent a 

novel 

strategy to 

alleviate 

edema and 

enhance 

drug 

penetration. 

2.4 Insights from Preclinical Models 

Preclinical models offer valuable mechanistic insights into glymphatic dysfunction 

in brain tumors. In glioma-bearing mice, CSF outflow is significantly reduced. Tracer 

studies reveal that CSF is rerouted into the spinal space due to cranial outflow 

obstruction, with compensatory lymphatic drainage through the sacral spine observed 

in some cases, demonstrating the adaptability of fluid clearance pathways under 
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pathological stress[106]. Anatomical studies in rats have delineated brain lymph fluid 

(BLF) pathways, identifying deep CLNs as critical drainage hubs. Nuclear magnetic 

resonance spectroscopy shows that BLF exhibits a richer metabolic profile than CSF, 

suggesting its potential as a biomarker for central nervous system (CNS) 

disorders[107]. 

2.5 Emerging Therapeutic Strategies and Future Directions 

Emerging therapeutic strategies aim to address these challenges by enhancing drug 

delivery and mitigating glymphatic impairment. Convection-enhanced delivery (CED) 

employs computational modeling to account for tissue anisotropy and optimize 

infusate distribution, while advances in catheter design and placement protocols seek 

to improve intratumoral drug delivery[108]. Together, these findings underscore the 

interplay between tumor-induced mechanical compression, glymphatic dysfunction, 

and altered fluid dynamics, supporting the integration of DTI-ALPS and 

multiparametric MRI in neuro-oncological assessment and treatment planning.  

Future research should prioritize therapeutic strategies focused on restoring 

glymphatic function. The DTI-ALPS index shows promise as a prognostic marker for 

high-grade glioma[109]. The modified ALPS-index (mALPS-index), derived from 

DTI, demonstrates 92% concordance with gadolinium clearance rates, providing a 

quantitative measure of perivascular deformation in gliomas[64]. Techniques such as 

H2
17O MRI enable real-time visualization of CSF dynamics, though the bidirectional 

diffusion of ¹⁷O-labeled water between blood and brain parenchyma makes it difficult 

to distinguish glymphatic from vascular contributions. CSF proteomics has identified 
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potential biomarkers including PGRN and MMP-9[110,111]. Importantly, delayed 

gadolinium clearance has been shown to predict GBM progression[92], underscoring 

the clinical relevance of glymphatic assessment. These developments are summarized 

in Figure 5). 

 

Fig. 3 Tumor microenvironment (TME) and metabolic dysregulation impair glymphatic function 

in glioblastoma (GBM). GBM disrupts glymphatic clearance through both mechanical and 

metabolic mechanisms. The solid tumor mass exerts pressures exceeding 5 kPa, physically 

compressing perivascular spaces (PVS) and obstructing cerebrospinal fluid–interstitial fluid 

(CSF–ISF) exchange. Concurrently, hypoxia-inducible factor 1α (HIF-1α) signaling drives lactate 

accumulation, leading to acidification of the TME and weakening aquaporin-4 (AQP4) 

polarization at astrocytic endfeet. Excess lactate activates the G protein-coupled receptor 81 
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(GPR81) on immune cells, initiating cyclic AMP–protein kinase A (cAMP-PKA) signaling that 

suppresses cytotoxic T-cell and natural killer (NK) cell activity while fostering an 

immunosuppressive niche. This immunometabolic reprogramming is reinforced by histone 

lactylation, promoting expression of immunosuppressive genes such as vascular endothelial 

growth factor (VEGF) and arginase 1 (ARG1). Together, impaired waste clearance, metabolic 

acidification, and cytokine retention perpetuate an immunosuppressive and pro-inflammatory 

microenvironment that accelerates tumor progression and resistance to therapy. Diagnostic and 

prognostic indicators include Diffusion Tensor Imaging–Along the Perivascular Space (DTI-ALPS) 

index, PVS burden, tumor apparent diffusion coefficient, Dynamic Contrast-Enhanced Magnetic 

Resonance Imaging (DCE-MRI), peritumoral brain edema (PTBE) volume, and CSF analysis. 

3.Therapeutic Strategies Targeting the GS  

3.1 Pharmacological modulation 

3.1.1 Pharmacological modulation in AD 

Recent advances have highlighted the GS as a pivotal therapeutic target in 

neurodegenerative diseases. Pharmacological modulation of circadian rhythms using 

melatonin and dual orexin receptor antagonists (DORAs) has been shown to enhance 

glymphatic clearance efficiency by 30–50%. Concurrent administration of adrenergic 

agonists can optimize AQP4 polarization at astrocytic endfeet, thereby improving 

interstitial fluid dynamics[112-115]. Additionally, borneol-based micelles (BO-Ms) 

promote Aβ clearance through the mLVs, effectively ameliorating amyloid 

pathology[116]. Oxytocin administration represents another multimodal therapeutic 

strategy, demonstrating efficacy in reversing glymphatic and meningeal lymphatic 
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dysfunction in aged AD models. This effect is mediated through transcriptional 

regulation of cerebral hemodynamics and lymphangiogenesis, which enhances Aβ 

drainage to CLNs and improves cognitive outcomes[117].  

3.1.2 Pharmacological modulation in TBI 

Emerging therapeutic strategies for TBI focus on counteracting glymphatic 

dysfunction through targeted pharmacological interventions. Inhibition of 

pan-adrenergic receptors using a combination of prazosin (an α1-adrenergic receptor 

antagonist), atipamezole (an α2-adrenergic antagonist), and propranolol (a 

β-adrenergic antagonist) has been shown to mitigate several deleterious 

effects—reducing cerebral edema, phosphorylated tau accumulation, and 

neuroinflammation, while promoting functional recovery[77,78].  

Modulation of AQP4 dynamics represents another promising approach, particularly 

through influencing channel trafficking rather than direct inhibition. Strategies such as 

calmodulin inhibition via trifluoperazine or Transient Receptor Potential Vanilloid 4 

(TRPV4) channel antagonism have demonstrated potential in reducing edema and 

improving neurological outcomes[80].  

Notably, elevated levels of Macrophage colony-stimulating factor, interleukin-6, 

and Transforming growth factor-β (collectively termed M6T) in CSF and plasma 

correlate with improved recovery after TBI. M6T therapy accelerates the infiltration 

and polarization of blood-derived macrophages toward a tissue-repair phenotype, 

mirroring the neuroprotective functions of microglia in angiogenesis and cell 

migration. This treatment improved neurological function in TBI models, whereas 
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blocking M6T exacerbated injury[118].  

Additional pharmacological agents show complementary benefits: Fingolimod 

alleviates whole-brain inflammation and glymphatic impairment following diffuse 

brain injury[119]. Cannabidiol (CBD) improves motor, memory, and cognitive 

functions in TBI models, reduces phosphorylated tau and Aβ burden, and enhances 

tracer clearance alongside AQP4 repolarization[82]. Activation of the brain’s 

glucagon-like peptide-1 receptor (GLP-1 R) with Exendin-4 (Ex-4), a structurally 

modified GLP-1 analog, restores lymphatic transport, alleviates BBB damage and 

neuronal apoptosis, and improves cognitive function[120].  

Other agents, such as transferrin receptor-targeted liposomes (TPL-Flv), 

interleukin-33 (IL-33), ketoprofen, and vascular endothelial growth factor C 

(VEGF-C), also exhibit neuroprotective potential, though further mechanistic 

validation is required[121-123]. Innovatively, co-encapsulation of VEGF-C with 

microenvironmental regulators in nanostructures (e.g., “Nano-plumber”) enhances 

glymphatic-lymphatic drainage, suppresses chronic neuroinflammation, and improves 

long-term outcomes by facilitating the clearance of DAMPs[124].  

3.1.3 Pharmacological modulation in brain tumors 

For brain edema, standard treatment involves hyperosmotic agents (e.g., mannitol 

or saline) and corticosteroids. In life-threatening cases, decompressive craniotomy 

may be necessary[125]. Dexamethasone has demonstrated efficacy in reducing 

peritumoral edema[126]. However, the molecular pathogenesis of tumor-associated 

edema fundamentally differs from edema resulting from trauma or stroke, primarily 
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driven by tumor neoangiogenesis characterized by deficient tight junction protein 

expression[127].  

A recent study proposed that AQP4 isoforms present in glioma-derived 

extracellular vesicles (EVs) modulate tumor behavior: EVs derived from cells 

expressing AQP4 tetramers promote cell migration, whereas those expressing AQP4 

organized in orthogonal arrays of particles (OAPs) induce apoptosis[128]. 

Nevertheless, the relationship between AQP4-mediated EV signaling, the 

pathogenesis of tumor-associated edema, and AQP4 mislocalization remains 

unexplored and warrants further investigation.  

3.2 Non-pharmacological interventions 

Non-pharmacological interventions represent promising approaches to restore 

glymphatic function and facilitate waste clearance. For instance, high-intensity 

interval training (HIIT) has been shown to restore astrocytic AQP4 polarization and 

promote dual brain-kidney clearance of Aβ and phosphorylated tau, highlighting 

systemic synergies in waste removal[129].  

3.2.1 Non-pharmacological interventions in AD 

Multiple non-invasive modalities demonstrate efficacy in ameliorating glymphatic 

dysfunction in AD. Physical exercise, particularly HIIT, improves AD-like pathology 

by regulating astrocyte phenotype and restoring AQP4 polarization, thereby 

facilitating clearance of Aβ and tau[129]. Sensory-based interventions such as 

multisensory gamma stimulation enhance CSF influx and ISF efflux, mediated by 

increased AQP4 polarization and mLVdilation[130]. Phototherapeutic approaches, 
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including low-intensity 40 Hz blue light irradiation, have been shown to prevent 

memory and motor deficits, restore AQP4 polarity, improve drainage efficiency, and 

reduce hippocampal lipid accumulation[131]. 

Neuromodulation techniques also confer benefits: repetitive transcranial magnetic 

stimulation (rTMS) enhances brain clearance system function, reduces Aβ deposition 

and neuroinflammation, and improves memory and neuronal activity[132]. Focused 

ultrasound (FUS) safely opens the BBB and may activate perivenous drainage 

pathways, though its mechanistic details require further elucidation[133]. Visual 

circuit activation alleviates clinical symptoms such as memory impairment and 

apathy[131].   

Mechanical stimulation of superficial CLNs using force-regulated devices—which 

compress lymphatics without disrupting spontaneous contractions—has been shown 

to double CSF outflow in aged models. This approach restores cLVs contraction 

frequency via prostaglandin F2α-mediated smooth muscle activation, reverses 

aging-related lymphatic impairment by 35%, and enhances brain waste clearance 

nearly threefold[11]. These findings support its potential as an adjunct strategy for 

improving glymphatic function in AD. 

At the molecular level, genetic manipulation represents another promising avenue. 

Overexpression of the Down syndrome critical region 1 gene (DSCR1/RCAN1) 

specifically increases dorsal mLV branching and volume, enhances lymphatic 

clearance, ameliorates Aβ pathology, and restores cognitive function in AD 

models[134].  
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3.2.2 Non-pharmacological interventions in TBI 

Non-invasive neuromodulation techniques show promise for enhancing glymphatic 

function following TBI. Very low-intensity ultrasound (VLIUS) promotes glymphatic 

influx and supports Aβ clearance via TRPV4–AQP4 pathways without inducing tissue 

damage[135]. Additionally, rTMS significantly improves the drainage efficiency of 

brain clearance pathways, including mLVs[132]. These approaches represent safe and 

innovative strategies for mitigating post-TBI glymphatic impairment and supporting 

neurological recovery 

3.2.3 Non-pharmacological interventions in brain tumor 

Mechanotherapy approaches such as MRI-guided FUS have emerged as promising 

strategies for modulating the tumor microenvironment. This technique reduces 

tumor-induced mechanical stress and enhances drug delivery efficiency by 

approximately 20%[136], offering a potential adjunct to conventional treatments for 

improving therapeutic outcomes in brain tumor patients. 

3.3 Surgical intervention 

3.3.1 Lymphatic-Venous Anastomosis (LVA) 

Cervical deep LVA is an emerging microsurgical technique, primarily developed in 

China, that aims to enhance CSF-ISF clearance by reconstructing drainage pathways 

between meningeal lymphatics and the venous system[137]. In a clinical study of fifty 

AD patients, Xie et al. reported that LVA led to measurable improvements in cognitive 

function, memory, and behavior, as evaluated by standardized mental status 

examinations and the Montreal Cognitive Assessment[138]. Exploratory multi-center 
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studies across China (including Shanghai, Nanjing, and Zhengzhou) have reported 

enhanced cognitive performance, favorable shifts in imaging biomarkers, and 

improved metabolic clearance efficiency post-LVA[137]. Technical refinements, such 

as transitioning from conventional lymphatic-venous to lymphatic-valve-vein 

anastomosis, correlate with increased procedural safety and sustained cognitive 

benefits in AD cohorts[139]. Furthermore, integrated perioperative care appears to 

optimize clinical outcomes[140]. The surgical intervention of LVA is depicted in 

Figure 6. 

 

Fig. 6 Cervical deep lymphatic-venous anastomosis. This illustration depicts a surgical procedure 

in which a deep cervical lymphatic vessel (lymphatic flap) is anastomosed to the external jugular 

vein (EJV) to facilitate lymphatic drainage into the venous system. The anastomotic orifice is 

microsurgically created and sutured to enable direct lymph-to-vein flow. The internal jugular vein 

(IJV) and sternocleidomastoid muscle (SCM) are shown for anatomical reference. 
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3.3.2 Controversies and Regulatory Status 

Despite some promising early reports, cervical deep LVA is a subject of substantial 

controversy and regulatory challenges. The field is hampered by a number of 

methodological limitations, such as small sample sizes, brief follow-up durations, 

non-randomized study designs employing inconsistent metrics, an incomplete grasp of 

the underlying mechanism, and persistent safety and ethical questions. These issues 

collectively result in evidence of low quality and insufficient reliability[137,138].  In 

July 2025, China’s National Health Commission banned the use of cervical deep LVA 

for treating AD. The commission stated that the treatment's efficacy was 

unsubstantiated and its safety profile was unclear. This decision underscores that 

large-scale, rigorous clinical trials are necessary before the therapy can be 

reconsidered for clinical use. 

Consequently, cervical deep LVA remains strictly investigational. Its translational 

potential is currently hampered by the lack of mechanistic validation, unresolved 

ethical issues, safety risks, and the absence of high-quality clinical evidence. Although 

LVA is presently contentious, non-invasive alternatives such as mechanical cervical 

lymphatic stimulation have demonstrated comparable efficacy in animal models[11]. 

3.3.3 Conclusion 

Structural remodeling of fluid drainage pathways represents an emerging 

therapeutic frontier for addressing glymphatic-lymphatic dysfunction. While cervical 

deep LVA has shown preliminary cognitive benefits in reported AD case 

series[137,139], its clinical application remains restricted due to significant 
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controversy and regulatory prohibition. Complementary approaches, such as 

Idiopathic Normal Pressure Hydrocephalus (iNPH) shunting[141] and 

VEGF-C/VEGFR3-targeted therapies in preclinical models[142], highlight the 

broader potential of surgically enhancing clearance pathways. Future innovations 

should prioritize non-invasive strategies, such as mechanical cervical lymphatic 

stimulation, combined neuromodulation, and circadian rhythm optimization, to 

counteract age-related glymphatic impairment. Together with pharmacological and 

physical interventions, these approaches position the GS as a multifaceted and 

promising therapeutic target in neurodegenerative diseases. 

3.4 Emerging Paradigms and Mechanistic Insights 

The limitations of conventional amyloid-targeting monoclonal antibodies, including 

safety concerns such as amyloid-related imaging abnormalities and encephalitis[143], 

have spurred growing interest in glymphotherapeutics, defined here as therapeutic 

strategies aimed at restoring AQP4-mediated perivascular clearance of Aβ and tau. 

This approach is supported by evidence showing that modulating the subcellular 

localization of AQP4 (rather than direct channel inhibition) mitigates CNS edema and 

enhances recovery in preclinical models[80]. Ocular pathology studies further 

implicate AQP4 in Aβ transport along the PVS of the optic nerve, linking retinal 

changes to central glymphatic dysfunction in AD. Meanwhile, studies of 

border-associated macrophages (BAMs) highlight their role in preserving glymphatic 

efficiency. Notably, chronic infections can worsen neurodegeneration by impairing 

BAM function[144]. After SAH, external CSF drainage has been shown to restore 
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glymphatic and meningeal lymphatic function in preclinical models, suggesting a 

potential procedural adjunct to improve recovery[145]. 

Obstruction of CSF circulation may result from extensive astrocyte proliferation, 

redirecting glymphatic flow of amyloid species toward caudal regions. Targeting 

cerebral fluid circulation thus represents a promising therapeutic strategy for AD[146]. 

For instance, mixed electro-optical stimulation has been shown to restore glymphatic 

function by regulating AQP4 polarization and reducing pro-inflammatory cytokine 

accumulation (e.g., IL-1β), thereby improving neurological, motor, and cognitive 

outcomes, particularly following ischemic brain injury[147].  

Advanced in vivo two-photon optical imaging with particle tracking has 

quantitatively demonstrated that aging reduces contraction frequency of cLVs by 43% 

in mice, primarily due impaired lymphatic pump function. Local application of 

prostaglandin F2α to stimulate smooth muscle contraction restored lymphatic pump 

activity in aged mice, increasing CSF clearance efficiency by 35% compared to young 

controls and enhancing waste clearance nearly threefold[148]. Long-term voluntary 

wheel running (VWR) in AD model mice significantly improved sleep 

architecture—increasing REM sleep and restoring circadian gene expression—while 

reducing phosphorylated tau levels, ameliorating cognitive deficits and 

neuroinflammation[149]. Exercise conferred protection against AD by enhancing 

mLVs plasticity and drainage via downregulation of the ELL-associated factor 2 

(EAF2)–p53–thrombospondin-1 (TSP-1) pathway in reactive astrocytes[150]. 

Moreover, neuronal rhythmic activity critically regulates parenchymal CSF influx and 
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waste clearance[151]. 

Functional mLVs also play a key role in viral clearance, serving as a conduit for 

viral transit from the CNS to CLNs. Strategies targeting mLVs may alleviate 

infection-related neural damage[152]. Near-infrared light therapy enhances the 

waste-clearance capacity of meningeal lymphatic endothelial cells (mLECs), reducing 

Aβ deposition, neuroinflammation, and neuronal damage, ultimately improving 

cognitive function[153].  

Genetic interventions, such as CRISPR-Cas9-mediated APOE4 correction, have 

reduced tau pathology by 58%, offering a precision approach to mitigating 

proteinopathy[154]. Similarly, neural stem cell transplantation reduced α-syn burden 

by 40% in PD models[155,156], though immunogenicity related to the CRISPR 

system remains a consideration in gene-editing applications[157]. 

Additionally, brain aging in conditions such as CADASIL is linked to lymphatic 

dysfunction, with reduced AQP4 expression identified as a central factor. Targeted 

enhancement of AQP4 may thus represent a viable therapeutic strategy[158]. 

Non-invasive mechanical stimulation of superficial cervical lymphatic vessels 

(scLV-1/scLV-2) significantly improved CSF drainage efficiency in aged mice and 

reversed aging-related lymphatic impairment, offering a novel non-pharmacological 

approach for AD and stroke[11]. 

Nanoparticle-mediated glymphatic targeting represents a transformative strategy for 

enhancing CNS drug delivery. Recent advances in intrathecally administered 

nanoparticles (NPs) demonstrate their ability to bypass the blood–cerebrospinal fluid 
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barrier (BCSFB) and leverage glymphatic pathways for broad CNS distribution. 

Engineered NPs (e.g., lipid-based, polymeric, or biomimetic vesicles) exhibit 

prolonged retention within the leptomeningeal and perivascular spaces, facilitating 

sustained drug release and deeper parenchymal penetration. Approximately 80% of 

CSF-administered NPs are cleared via perivascular glymphatic routes, with microglial 

activity further aiding paravascular clearance. Optimal NP properties for glymphatic 

trafficking include a size range of 37–39 nm and a positive surface charge, which 

enhance BCSFB permeability and minimize rapid clearance. This approach not only 

improves drug bioavailability but also synergizes with immunomodulatory and 

protein-clearance therapies, offering a promising platform for combinatorial treatment 

in neurodegeneration and oncology[159]. 

4. Limitations and Future Directions 

While this review synthesizes critical advancements in understanding glymphatic 

dysfunction across neurodegenerative diseases and brain tumors, several limitations 

warrant consideration, alongside opportunities for future research. 

4.1 Current Limitations 

First, the variability in preclinical models, such as transgenic rodents, injury 

paradigms, and tumor xenografts, makes it difficult to apply these findings to human 

physiology. Key differences in areas like AQP4 polarization or meningeal lymphatic 

structure can limit their translational relevance.  

Second, mechanistic insights into bidirectional glymphatic–tumor interactions 

remain limited. Although mechanical compression and metabolic dysregulation are 
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implicated, the spatiotemporal interplay between tumor-derived factors (e.g., lactate, 

cytokines) and glymphatic remodeling is not yet fully elucidated, particularly in 

human cohorts.  

Third, although neuroimaging biomarkers such as the ALPS index and DTI-ALPS 

show diagnostic potential, they require further clinical validation. A major limitation 

of DTI-ALPS is its susceptibility to confounding variables, including age and 

cerebrovascular disease, which independently modify PVS morphology and diffusion 

parameters, thereby reducing its diagnostic specificity for neurodegenerative 

conditions[160]. Moreover, technical variations in MRI acquisition protocols (e.g., 

b-values, spatial resolution) across institutions also hinder cross-center comparability 

and large-scale validation efforts[161]. Multicenter studies are essential to standardize 

imaging protocols, define normative values, and assess sensitivity in early disease 

stages. Similarly, the prognostic value of glymphatic metrics in predicting treatment 

resistance or survival warrants longitudinal assessment. Furthermore, fundamental 

questions remain regarding the physiological interpretation of the DTI-ALPS index 

itself. It is crucial to note that a higher ALPS-index ‘only’ indicates predominant 

Brownian motion of water molecules in the radial direction at the lateral ventricular 

body level and does not reflect the entirety of the complex GS. DTI-ALPS does not 

directly measure the convective bulk flow that is characteristic of glymphatic function, 

but most likely captures localized diffusion within a small area of the brain at the 

level of the lateral ventricles. Moreover, this technique primarily assesses diffusion in 

deep white matter regions, where vasculature and PVS are sparse (constituting only 
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about 1% of the tissue). Consequently, the diffusion signal measured by DTI-ALPS in 

these areas most likely represents axonal diffusion rather than diffusion specifically 

within the PVS, potentially confounding its association with true glymphatic 

activity[162,163]. 

Fourth, the clinical standardization of the DTI-ALPS index remains challenging. Its 

diagnostic utility is constrained by the lack of robust correction methods for 

physiological confounders, such as age-related PVS enlargement and comorbid 

vascular pathologies, which may obscure disease-specific glymphatic 

impairment[160]. The development of AI-driven harmonization tools, for instance, 

deep learning algorithms trained on multi-scanner datasets to mitigate protocol-related 

variances, along with confounder-adjusted predictive models, could improve 

reproducibility and diagnostic accuracy[164-166]. 

Lastly, while the review highlights genetic and environmental modifiers of 

glymphatic function (e.g., APOE4, air pollution), it overlooks their potential 

synergistic effects. Epigenetic regulation, microbiota interactions, and sex-specific 

vulnerabilities remain underexplored, representing fertile ground for systems-level 

investigations. 

4.2 Future Directions 

Addressing these limitations demands interdisciplinary collaboration, leveraging 

computational modeling and multi-omics integration to unravel the role of the GS in 

health and disease. Critical unresolved questions include bidirectional tumor–

glymphatic interactions, nanoparticle delivery optimization in compressed PVS, and 
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validation of glymphatic biomarkers in oncological contexts[98,167]. Furthermore, 

the identification of impaired capillary–venous drainage as a contributor to white 

matter hypoperfusion opens new therapeutic avenues for preserving deep tissue 

perfusion during aging, which may complement glymphatic-targeted 

interventions[168]. Systems biology approaches are needed to identify conserved 

regulators of AQP4 dynamics, while AI-driven hybrid PET–MRI analytics and 

ultra-fast Magnetic resonance encephalography (MREG) promise to resolve 

spatiotemporal glymphatic flux with unprecedented precision[169]. Although 

encouraging results have been achieved in improving brain function through surgical 

LVA, unresolved issues persist regarding long-term efficacy, potential side effects, and 

scalability in larger patient populations[170]. Additionally, leveraging the direct 

connection between CSF, meningeal dura mater, and skull bone marrow may enable 

targeted therapies and drug delivery strategies to recruit reparative immune cells or 

suppress inflammation in various diseases without affecting peripheral immunity[171]. 

Combinatorial strategies integrating glymphatic restoration with immunotherapies or 

vascular remodeling may bridge mechanistic insights into actionable clinical 

paradigms. Prioritizing human studies will be pivotal in translating preclinical 

findings into therapeutic breakthroughs.  

To translate glymphatic research into clinical impact, we must first develop human 

imaging methods that can directly measure CSF influx, solute clearance, and 

meningeal lymphatic function. Promising techniques like intrathecal 

contrast-enhanced MRI and novel PET ligands are now making this possible. A 
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critical next step is to validate these direct measurements against established 

radiographic proxies (e.g., the ALPS index) in patient populations. By fusing invasive 

data from animal models with multi-modal human imaging, we can achieve a unified 

understanding of glymphatic dysfunction. 

AQP4, expressed on astrocytic endfeet, requires precise polarization to maintain 

glymphatic function. Impaired AQP4 polarization reduces CSF–ISF exchange and 

metabolic waste clearance efficiency, exacerbating disease progression[162]. 

Neuroinflammation, a hallmark of CNS disorders including AD, PD, and ALS, further 

disrupts AQP4 polarization, compounding glymphatic dysfunction[172]. The GS 

sustains CNS homeostasis by facilitating CSF–ISF exchange and clearing metabolic 

waste and inflammatory mediators[173,174], positioning it as a central regulatory hub 

across pathologies. Notably, the GS exhibits context-dependent roles: in the TME, it 

may promote immunosuppression by modulating immune cell infiltration and activity, 

potentially facilitating tumor growth and metastasis[175]; in neurodegenerative 

diseases, it mitigates neuroinflammation and delays progression by clearing 

inflammatory factors and waste products[173]. This functional duality suggests that 

glymphatic activity is modulated by multiple factors, including inflammatory status, 

immune cell dynamics, and AQP4 polarization. Future research must delineate 

disease-specific glymphatic mechanisms to enable targeted therapeutic strategies. 

4.3 Translational Challenges 

The field must also confront challenges in harmonizing experimental models with 

clinical realities. For instance, while preclinical studies highlight the therapeutic 
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potential of circadian modulation or AQP4-targeted therapies, translating these into 

safe, effective human interventions requires rigorous validation. Similarly, the 

development of non-invasive biomarkers (e.g., the ALPS index) necessitates 

standardized protocols and multicenter validation to ensure diagnostic reliability. 

Emerging techniques like non-invasive cervical lymphatic stimulation, which 

bypasses surgical risks while enhancing glymphatic function, exemplify strategies 

poised to overcome these translational barriers[11]. Furthermore, recent evidence 

highlights the role of dural mast cells in modulating CSF flow and meningeal 

immunity at ACE points. Targeting mast cell degranulation or histamine signaling 

may represent a novel therapeutic strategy to enhance CSF clearance and 

neuroimmune defense, particularly in infections like bacterial meningitis[12]. Finally, 

the integration of glymphatic biology with emerging disciplines, such as 

neuroimmunology, bioengineering, and AI-driven diagnostics, will be essential to 

unlock transformative therapeutic strategies for neurodegeneration and cancer. 

By addressing these limitations and embracing interdisciplinary innovation, future 

research can refine our understanding of the GS as both a mediator and a therapeutic 

target in neurological disorders. 

Conclusions 

The GS emerges as a central pathway in the pathophysiology of both 

neurodegenerative diseases and brain tumors, linking molecular dysfunction to 

clinical manifestations. Core to its function is AQP4-mediated CSF–ISF exchange, 

which governs metabolic waste clearance and neuroimmune homeostasis. In 
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neurodegenerative disorders such as AD and PD, glymphatic impairment drives the 

accumulation of pathogenic proteins (e.g., Aβ, α-syn) through disrupted AQP4 

polarization, vascular aging, and circadian dysregulation. These processes are 

exacerbated by genetic factors (e.g., APOE4, FAM171A2 mutations) and 

environmental insults (e.g., air pollution), collectively reducing clearance efficiency 

and accelerating neuroinflammation. Similarly, in ALS and TBI, glymphatic 

dysfunction precedes symptomatic onset, correlating with TDP-43 accumulation and 

post-injury edema, respectively. 

In brain tumors, mechanical compression and lactate-driven acidosis disrupt 

perivascular fluid dynamics, fostering an immunosuppressive microenvironment that 

impedes cytotoxic T-cell infiltration and diminishes therapeutic efficacy. In cerebral 

metastases, impaired glymphatic clearance independently contributes to peritumoral 

edema, highlighting its role as a parallel pathological mechanism beyond traditional 

vascular theories. Neuroimaging biomarkers, such as the ALPS index and CPV, 

provide non-invasive insights into glymphatic integrity, demonstrating prognostic 

value in glioma stratification, metastatic edema assessment, and prediction of 

cognitive decline. However, ongoing efforts to refine these tools and establish their 

direct link to underlying glymphatic physiology are crucial for their ultimate clinical 

utility. Recent advances in non-contrast MRI techniques, including IVIM and 

multi-echo ASL, have further elucidated the effects of sleep and aging on glymphatic 

function, offering new avenues for early detection and intervention[31]. 

Therapeutic innovations span a broad spectrum, including circadian modulation, 
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CRISPR-based APOE4 correction, mechanotherapies (e.g., FUS), non-invasive 

cervical lymphatic stimulation, and surgical approaches (e.g., LVA), each targeting 

distinct aspects of glymphatic dysfunction. Emerging insights into dural mast cell 

function reveal their critical role in regulating CSF dynamics and meningeal immunity, 

suggesting that mast cell-targeted interventions could enhance CNS clearance and 

defense in neuroinflammatory and infectious contexts[12]. Nonetheless, clinical 

translation remains challenged by species-specific model limitations, incomplete 

validation of imaging biomarkers, and unresolved bidirectional tumor–glymphatic 

interactions. 

Future research should prioritize human-centric studies that integrate AI-driven 

analytics, ultrafast neuroimaging, and multi-omics approaches to unravel 

spatiotemporal glymphatic dynamics. Combinatorial strategies synergizing 

glymphatic restoration with immunotherapy or vascular remodeling hold 

transformative potential. By transcending traditional disciplinary boundaries, this 

evolving paradigm promises to redefine therapeutic interventions for 

neurodegeneration and cancer, positioning the GS not as a passive bystander but as a 

dynamic and actionable therapeutic frontier. 

The DTI-ALPS index, as an imaging biomarker for evaluating GS function, faces 

core challenges in clinical standardization, including insufficient cross-center 

comparability due to variations in scanning protocols and a lack of correction models 

for confounders such as age and cerebrovascular disease, which limit its independent 

diagnostic value. To improve early recognition of neurodegenerative diseases (e.g., 
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AD), a multimodal diagnostic framework is recommended: combining dynamic CSFF 

monitoring, quantitative PET-Aβ deposition, and the DTI-ALPS index to 

cross-validate spatiotemporal correlations between GS dysfunction and pathological 

protein accumulation, thereby establishing a more sensitive disease warning model. 

Additionally, research suggests that GS functional decline may precede clinical 

symptoms, particularly in the prodromal stages of diseases such as ALS[73,75]. By 

enhancing glymphatic clearance through improved sleep rhythms and targeted AQP4 

modulation, timely intervention could clear toxic proteins before they aggregate,  

preventing neuronal damage and disease onset. 
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