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Background
TBI & Neurodegeneration

• Historically, two trajectories following TBI:
– Complete recovery days-to-weeks following milder TBI
– Static deficits following a more severe TBI

• Since 1928, third entity in those with repetitive TBI and 
progressive neurodegeneration:
– Chronic Traumatic Encephalopathy

• Now, widely accepted that an association exists between even a 
single TBI (in some individuals) and risk for future 
neurodegenerative illness
– Association is complex
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Background
TBI & Neurodegeneration - Complexity

• Brain trauma varies by cause, force, and direction
• The nature of the resulting damage varies

– Different types of brain pathology in each individual case
• Neurodegenerative pathologies have an insidious onset

– Often decades between the TBI and the onset of neurodegeneration
• TBI is associated with different neurodegenerative conditions

– Alzheimer’s, Parkinson’s, frontotemporal, CTE
• TBI is more than just disease-based

– Individual personalities, behaviors, and psychosocial circumstances
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Background
Glymphatic System & TBI

• Since the glymphatic system was named in 2012, 
over 200 articles published on the connection to TBI
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Objectives

• Understand the what and how of post-TBI brain 
cleanup

• Develop a basic understanding of the glymphatic 
system

• Examine how TBI disrupts the glymphatic system
• Discuss trends in the literature
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Post-TBI Brain Cleanup - What
• Transfer of external force energy resulting in mechanical stress 

and damage
– An inflammatory response occurs (non-infectious)

• Increase in extracellular amino acids (e.g., glutamate)
– NMDA and AMPA receptors activated, leading to cell death

• Mitochondrial dysfunction
– Reactive oxygen species generated, leading to cell death

• Leakage of blood-brain barrier and surrounding blood vessels 
• Activated immune cells arrive at site(s) of injury

– e.g., astrocytes and microglia
• Diffuse axonal injury releases neurodegenerative proteins

– p-tau, amyloid precursor protein, and amyloid b
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Post-TBI Brain Cleanup - How
• Microglia clean up damage 

through phagocytosis
• Targeted clearance across the 

blood-brain barrier
• Drainage through CSF efflux

– Superior sagittal sinus
– Glymphatic system
– Meningeal and nasal lymphatics
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CSF Efflux

1. Superior Sagittal 
Sinus

2. Glymphatic System
3. Meningeal and 

Nasal Lymphatics



Objectives

• Develop a basic understanding of the glymphatic 
system

• Examine how TBI disrupts the glymphatic system
• Discuss trends in the literature
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Glymphatic System
• Name derives from key role of glial cells (i.e., astrocytes) and 

function as a lymphatic clearance pathway
• Initial paper published in 2012 by Iliff et al. using mouse models
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Glymphatic System
• Iliff and colleagues went on to show that TBI impairs the 

glymphatic system, leading to amyloid b and p-tau deposition
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CSF enters the brain parenchyma through a 
space surrounding small, penetrating 

arterioles
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CSF mixes with interstitial fluid, which 
is a clear, watery substance that fills 
the spaces between cells and tissues 

in the body
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CSF-ISF mixture leaves the brain 
parenchyma through a space surrounding 

small exiting veins
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Aquaporin-4 (AQP4) 
water channels on 

astrocytic end-feet are 
essential for efficacy and 

effectiveness of the 
system



Objectives

• Examine how TBI disrupts the glymphatic system
• Discuss trends in the literature
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TBI-induced Glymphatic Disruption –  
Human Research
• In vivo human research is largely at the stage of validating 

imaging techniques able to study flow through this system:
– Enlarged perivascular space (ePVS) burden
– Intrathecal administration of gadolinium-based contrast agents
– DTI-ALPS (diffusion tensor image analysis along the perivascular 

space)
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• Enlarged perivascular space 
(ePVS) burden
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Human Research



• Intrathecal administration of 
gadolinium-based contrast 
agents
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• DTI-ALPS (diffusion tensor image analysis along the 
perivascular space)
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TBI-induced Glymphatic Disruption –  
Human Research



• Study looking at ePVS burden and DTI-ALPS index
– 44 patients with mild TBI (mTBI) at ~14 days post-injury and 6-12 

months post-injury
– Orthopedic and healthy controls

• ePVS Burden
– Existing algorithm that searches for a minimal cluster size

• ALPS-Index: 
– Existing algorithm that measures the ratio of water movement 

through the perivascular space versus the direction perpendicular 
to it
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TBI-induced Glymphatic Disruption –  
Human Research Example



• ePVS burden and ALPS 
index exhibit significant 
correlations with age 

– Regardless of TBI status
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TBI-induced Glymphatic Disruption –  
Human Research Example



• Elevated ePVS burden in acute 
mTBI (~14 days) is significantly 
associated with a higher 
number of post-concussion 
symptoms
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TBI-induced Glymphatic Disruption –  
Human Research Example



• The increase in the ALPS 
index (better clearance) from 
acute to chronic phases in 
mTBI patients correlates with 
improvement in sleep 
measures
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TBI-induced Glymphatic Disruption –  
Human Research Example



• Incorporating ePVS burden and 
ALPS index from the acute 
phase enhances the prediction 
of ongoing memory problems at 
6-12 months
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TBI-induced Glymphatic Disruption –  
Human Research Example



• In summary:
– Decreased flow through the glymphatic vascular space
– Loss of AQP4 polarization on astrocytic end-feet
– AQP4 knockout appears to be a double-edged sword:

• May protect against immediate cerebral edema following more severe 
TBI but result in exacerbated protein aggregation in the long-term

– Decreased clearance of proteins involved in TBI-related 
neurodegeneration (e.g.,. amyloid b and p-tau)

– Blast exposure may result in more diffuse disruption
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TBI-induced Glymphatic Disruption –  
Animal Research



• Mild-to-moderate closed head injury mouse model
• AQP4 normal mice exhibited a 60% decrease in glymphatic 

pathway function, persisting for 28 days post-injury
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TBI-induced Glymphatic Disruption –  
Animal Research Example
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TBI-induced Glymphatic Disruption –  
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• Mice genetically missing AQP4 showed further impairment of 
glymphatic function

– Increased accumulation of p-tau neurofibrillary tangles, axonal 
degeneration, and decreased neurocognitive function
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TBI-induced Glymphatic Disruption –  
Animal Research Example
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TBI-induced Glymphatic Disruption –  
Animal Research Example



Objectives

• Discuss trends in the literature
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Trends - Sleep

• Sleep disruption is common after TBI, occurring in 30-70% 
of individuals

• Those with sleep disturbances post-TBI have slower 
recovery trajectories and more post-concussive symptoms
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Metric Median Minimum Maximum % Abnormal

Sleep Time (hr) 5.7 1.7 10.4 46.7%

Sleep Efficiency (%) 67.7 27.7 95.6 53.3%

Sleep Latency (min) 16.5 4.5 178.5 40%

WASO (min) 134 24.5 418 73.3%



Trends - Sleep
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Metric Median Minimum Maximum % Abnormal

REM Latency (min) 68.5 1 322.5 80%

N3 Latency (min) 22.5 1 73.5 0%

REM% 5.4 0 29.9 87%

N1% 8.3 1 29.8 67%

N2% 50.9 8.8 87.1 0%

N3% 23.7 0.1 71.7 20%

• Overall, out of 12 parameters, median number of abnormal was 5 with 
a minimum of 1 and maximum of 8



Trends - Sleep

• In mouse models, during sleep: 
– Interstitial space expands by up to 60%
– Non-REM slow-wave sleep drives 

oscillations in blood volume
– CSF production increases during sleep
– Amyloid b is cleared at a faster rate 

during sleep or during anesthetized state
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Trends - Biomarkers

• In a mild-to-moderate TBI mouse model, there was almost 
complete suppression of clearance of TBI-related 
biomarkers with manipulation of the glymphatic system 
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Trends - Therapeutics
• Use of stem cells to inhibit reactive astrogliosis to maintain AQP4 

polarization
• Use of anesthetics post-TBI to enhance glymphatic system functioning
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Emerging Trends - Therapeutics

• Osteopathic manipulative treatment to improve glymphatic drainage
– In one study led to significant decreases in numerous indicators of increased 

intracranial pressure
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Concluding Remarks
• This is a relatively new field that has grown exponentially since the 

description and naming of the system in 2012
• Similarly growing literature bases exist for aging, Alzheimer’s, and 

Parkinson’s
• There is a current reliance on mouse models
• There is a need for biomarkers of glymphatic system functioning (e.g., 

neuroimaging) for in vivo human research
• The literature is still at the stage of proving disruption of glymphatic 

system flow and evidence of protein accumulation and deposition as a 
result

• Emerging topics include influence of sleep disruption, considerations 
for biomarker development, and novel therapeutics
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Thank You! 

• Questions?
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