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Abstract

Mild traumatic brain injury (mTBI) is a major public health concern that has generated 

considerable scientific interest as a complex brain disorder that is associated with long-term neural 

consequences. This paper reviews the literature on cerebrovascular dysfunction in chronic mTBI 

with a focus on the long-term neural implications of such dysfunction. Evidence is presented from 

human neuroimaging studies to support cerebrovascular involvement in long-term mTBI 

pathology. Additionally, a pathway between mTBI and neurodegeneration via cerebrovascular 

dysfunction is explored. Future work focused on identifying the neurobiological mechanisms 

underlying the neural consequences of mTBI will be important to guide therapeutic interventions 

and long-term care for mTBI patients.
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Introduction

Mild traumatic brain injury (mTBI) is a major public health concern, with an estimated 1.7 

million people sustaining a TBI in the United States each year, of which 75% are classified 

as mild.1 Although most individuals exposed to mTBI recover to pre-injury functioning 

within months after the injury,2 mounting evidence suggests that there are long-term 

consequences of mTBI such as the development of neurodegenerative diseases including 

Alzheimer’s disease (AD), Chronic Traumatic Encephalopathy (CTE), and Parkinson’s 

disease.3–8 Moreover, mTBI has been linked to disruptions in brain structure and function 

years after the injury.9–20

Despite the body of evidence suggesting that mTBI is a potential risk factor for 

neurodegenerative processes, the underlying neurobiological mechanisms linking mTBI to 

neurodegeneration are still relatively unknown. One possibility is that mTBI influences 

neural integrity through disruptions in cerebrovascular function. This notion aligns with the 

neurovascular hypothesis of neurodegeneration in AD, which suggests that dysfunction of 
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the cerebrovascular system causes detrimental effects on neuronal health via degraded blood 

brain barrier integrity and dysregulation of nutrient and oxygen neural transport systems.21

Substantial progress has been made in advancing the understanding of the molecular basis of 

neurovascular pathology in TBI and its associated long-term molecular changes in the brain 

(for review see Pop and Badaut22). Specifically, research on the pathophysiology of TBI 

suggests that TBI initiates an array of secondary cellular, metabolic, and inflammatory 

events that influence the cerebrovascular and neural systems.23–27 However, the global 

effects of these changes are relatively unknown, although neurodegenerative disease has 

been raised as a potential consequence.28 The goal of this paper was to synthesize the 

findings related to cerebrovascular dysfunction in mTBI and to discuss the possibility that 

there are long-term and large-scale neural consequences of cerebrovascular dysfunction. To 

that end, this paper reviews the pathophysiology of TBI and the role of the cerebrovascular 

system in such pathophysiology. It focuses on evidence from human neuroimaging studies 

of residual cerebrovascular dysfunction in mTBI to further support cerebrovascular 

involvement in long-term mTBI pathology. The review concludes by proposing that mTBI 

influences neural integrity through its effect on the cerebrovascular system. Moderating 

factors of this relationship are also explored.

Search terms for this review included various combinations of the following words in 

PubMed and Google Scholar, “cerebrovascular”, “arterial spin labeling”, “cerebral blood 

flow”, “mild traumatic brain injury”, “mTBI”, “fMRI”, “functional magnetic resonance 

imaging”, “single photon emission computerized tomography”, “SPECT”, “positron 

emission tomography”, “PET”, “neurovascular unit”, “neurodegeneration”, “white matter”, 

“cortical thickness”, and “cerebral metabolism.” Search terms were expanded to include 

words such as “posttraumatic stress disorder”, “PTSD”, “age”, “cardiovascular disease”, 

“genetic”, and “polygenic risk” for the moderating factors section. In addition, references of 

selected papers were searched for relevance to the current review.

Molecular Mechanisms of the Effects of mTBI on Cerebrovascular Function

Immediately after mTBI, there is an abrupt release of neurotransmitters and an ionic shift, 

with an efflux of potassium and influx of calcium from brain cells.24,25 The brain works to 

restore the neuronal membrane to normal ionic potential by activating and overworking the 

sodium-potassium pump, which triggers an increase in the required amount of adenosine 

triphosphate (ATP).23,24 This creates a dramatic increase in glucose metabolism, which 

occurs in a setting of diminished cerebral blood flow. The mismatch between supply and 

demand triggers a cellular energy crisis in the brain and a cerebral blood flow-metabolism 

uncoupling. After this initial state of acute hypermetabolism, the brain eventually goes into a 

state of depressed metabolism with elevated calcium levels that activate lipid peroxidases, 

proteseases, and phospholipases, which in turn increase the intracellular concentration of 

free fatty acids and free radicals.24 Over time, these events contribute to the development of 

oxidative stress, which is a process that occurs when reactive oxygen species exceed 

available antioxidants, loosening of the vascular and perivascular unit (i.e., increased blood 

brain barrier permeability), vascular and cellular membrane degradation, neurofilament and 

microtubule disruption, and possibly, cell death.23,24,29 mTBI also induces an array of 
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inflammatory tissue responses through the release of pro-inflammatory cytokines, 

prostaglandins, and free radicals, which in turn mobilize glial and immune cells that 

infiltrate injured tissue to repair it after injury.23 However, if uncontrolled and unresolved, 

chronic neuroinflammation can lead to disruptions in blood-brain barrier permeability and 

edema formation, further reducing tissue perfusion and contributing to depressed 

metabolism.23 Importantly, these molecular alterations are not restricted to civilian-related 

mTBI, as recent work suggests that blast-related mTBI is also associated with alterations in 

proteins related to metabolic, vascular, and inflammatory processes important for 

cerebrovascular function.30

Reduced cerebral blood flow coincides with the cascade of metabolic and inflammatory 

events after mTBI. Alterations to the neurovascular unit, which is composed of endothelial 

cells, pericytes, smooth muscle cells, astrocytes, and neurons, including disruptions to the 

blood-brain barrier, contribute to this marked reduction in cerebral blood flow after mTBI.
22,26 Specifically, one mechanism for cerebral blood flow disruption in mTBI is disrupted 

cerebrovascular autoregulation, i.e., the dilation/constriction of the cerebral vasculature to 

manage cerebral perfusion pressure. Normally, the brain autoregulates blood flow to provide 

constant flow regardless of blood pressure. However, after TBI, changes in cerebrovascular 

autoregulation via alterations in the molecular neurovascular unit such as alterations to 

endothelin-1, nitric oxide levels, and cyclic adenosine monophosphats, that determine the 

tone of the cerebral vasculature, render the brain susceptible to changes in cerebral pressure, 

reduced blood flow, and increased risk for ischemia.22,31–33

Another mechanism by which cerebral blood flow is altered is through disruptions in 

aquaporin-4 (AQP-4), a water channel protein located on perivascular astrocytic end-feed 

that is in contact with cerebral vessels. Studies have shown that AQP-4 plays a role in brain 

homeostasis and central plasma osmolality regulation 34,35 and that the distribution of 

AQP-4 in the perivascular space may be related to perivascular volume, which is crucial for 

cerebral blood flow.36 Importantly, animal models have shown that AQP-4 is upregulated 

after brain injury and co-localized with glial fibrillary acidic protein (GFAP), an astrocytic 

marker, in close proximity to intracerebral vessels in mTBI brain tissue,37,38 suggesting a 

possible role of AQP-4 in disruptions to the cerebrovascular system in mTBI.

Overall, evidence from these experimental studies supports the notion that mTBI is 

associated with cerebrovascular dysfunction and that reduced cerebral blood flow may be an 

observable in-vivo marker of cerebrovascular changes associated with delayed cell death and 

neuronal membrane disruption in mTBI.

Neuroimaging Evidence of Cerebrovascular Dysfunction in mTBI

Although the majority of molecular disruptions caused by mTBI normalize to pre-injury 

levels within weeks after the injury, evidence from neuroimaging studies of long-lasting 

neural changes after mTBI suggest that other processes are not short-lived but instead may 

stabilize to a new substandard level. Specifically, there is growing evidence to suggest 

residual alterations in cerebral blood flow in the human brain following mTBI (Table 1, but 

see Peng et al.39). For example, Grossman et al.40 used arterial spin labeling (ASL), which is 
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a non-invasive neuroimaging technique that uses magnetically labeled blood water as a 

tracer for cerebral blood flow, to examine a group of mTBI patients one month after injury 

and then again more than 9 months after injury. They found reduced cerebral blood flow in 

the thalamus both at one month and at the follow up time point compared to controls, 

suggesting persistent residual cerebral blood flow disruptions. Similarly, Ge et al.41 found 

reduced cerebral blood flow in deep gray matter and white matter brain regions in a group of 

21 mTBI patients that were on average 26.5 months post-injury compared to 18 healthy age-

matched controls. These findings are consistent with results from a study using single 

photon emission computerized tomography (SPECT) imaging which found hypometabolism 

in frontal, prefrontal, and temporal cortices and subcortical structures in adult mTBI patients 

who were on average 5 years post injury compared to controls.42 In another study using 

ASL to explore perfusion in resting state networks, Sours and colleagues43 found that 

patients in the chronic stage of mTBI failed to maintain a balance of cerebral blood flow 

between two resting state networks compared to the control group.

This notion, that mTBI is associated with a disrupted cerebrovascular system, also extends to 

blast-related mTBI. Recent work by Ponto et al44 showed reduced global cerebral blood 

flow in blast-related mild and moderate TBI patients who were on average 3 years removed 

from their injury compared to veteran controls. In addition, residual cerebrovascular 

impairments have also been reported in pediatric mTBI, with reduced cerebral blood flow in 

bilateral frontotemporal regions45 and bilateral thalami46 in children who were 3–12 months 

removed from their injury compared to controls. Importantly, evidence suggests that 

cerebrovascular dysfunction in mTBI may have implications for cognition, as reductions in 

cerebral metabolism is associated with poorer performance on neuropsychological tests in 

chronic mTBI.47 Collectively, these findings raise the possibility that cerebrovascular 

dysfunction plays a role in residual mTBI pathophysiology, with potential long-term 

cognitive consequences.

Cerebrovascular Function and Neural Integrity

The cerebrovascular system is critically involved in the maintenance of neural integrity. In 

particular, cerebral blood flow is especially important in the preservation of brain health.
48–50 Studies in older adults have consistently demonstrated that reduced cerebral blood flow 

contributes to deleterious structural integrity.51–55 Further, recent work has demonstrated an 

association between reduced cerebral blood flow and faster rates of cognitive decline in 

healthy older adults.56 Work in pathological aging has shown that cerebral blood flow 

decreases in association with increased AD severity57 and with accelerated cognitive decline 

in mild cognitive impairment patients.58,59 Interestingly, in work by Wang and colleagues,57 

hippocampal volume was only reduced in later stages of AD, suggesting that reductions in 

cerebral blood flow may be an early biomarker of AD-related neurodegeneration. Together, 

these findings suggest that cerebral blood flow is an important indicator of neural integrity 

and that reductions in cerebral blood flow may alter structural brain integrity.

Although this relationship between cerebrovascular dysfunction and neural integrity has 

been well-studied in normal and pathological aging, few studies have explored this link in 

mTBI. Nonetheless, there is ample evidence suggesting that mTBI is associated with 
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alterations in the structural integrity of the brain.10,14,16,17,60,61 However, the mechanisms 

linking mTBI to these neural consequences remain an active area of investigation. Given that 

mTBI is implicated as a risk factor for the development of neurodegenerative diseases such 

as AD and CTE, 3,4,62 both of which are associated with widespread vascular pathology and 

perivascular disruptions,4,5,63 it is possible that disruptions in the cerebrovascular system 

contribute to the degradation of the brain’s structural integrity in mTBI and thus, may serve 

as a pathological link between mTBI and neurodegenerative disease (see Figure 1). This 

hypothesis is well supported by a recent review examining the pathophysiology of TBI and 

AD, suggesting that vascular damage after TBI may propagate molecular AD processes.28 

Moreover, work in veterans examining mild and moderate TBI has explicitly shown that 

disruptions in cerebral blood flow have direct neural consequences over time. In particular, 

this study demonstrated that reduced cerebral blood flow in the cingulate cortex was 

significantly associated with reduced white matter integrity in the cingulum bundle in 

veterans who were further removed from their brain injury, suggesting that alterations in 

cerebral blood flow may contribute to long-term microstructural tissue degradation in TBI.64 

Despite these advances in the literature, this work is largely cross-sectional. Longitudinal 

studies will be essential in furthering our understanding of the mechanisms underlying 

neurodegeneration in mTBI years after the injury.

Moderating Factors

Genetic Factors Relevant to the Neural Health of Patients with mTBI

Given that the pathophysiology of mTBI, including cerebrovascular dysfunction, is 

influenced by molecular processes such as oxidative stress and neuroinflammation, 

individual differences in genes that are related to these processes may play a modulatory role 

on residual reductions in cerebral blood flow and hypometabolism. One of the consequences 

of the molecular cascade of events after mTBI is oxidative stress, which is a cellular process 

that occurs when pro-oxidant molecules such as reactive oxygen species exceed the capacity 

of available antioxidants to counteract their effects. Previous studies have shown that 

oxidative stress may exacerbate neural consequences of mTBI. For example, in vitro studies 

have shown that oxidative stress promotes tau hyperphosphorylation and aggregation65,66 

and may be involved in the development of CTE, which is characterized by widespread 

deposits of hyperposphorylated tau.5,67 Similarly, evidence suggests that neuroinflammation 

may also be linked to the neural consequences of TBI. For example, in an animal study, 

Scherbel and colleagues68 found that mice deficient in tumor necrosis factor (TNF), which 

plays a role in cell growth regulation, inflammation, and autoimmune processes, had 

significantly more cortical tissue loss than their wild-type littermates (controls) four weeks 

after brain injury. Both injured mice groups (TNF deficient and wild-type) displayed 

significant deficits in memory at one week post injury compared to uninjured groups, but 

deficits in the brain-injured TNF deficient mice were significantly less severe than in brain-

injured wild-type mice. These results demonstrate that while TNF in the acute posttraumatic 

period may be deleterious it may also play a role in facilitating long-term repair, suggesting 

that inflammatory processes may be involved in neurotoxic as well as neurotrophic effects 

on the brain after TBI. Collectively, these studies illustrate the possibility that individual 
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differences in genes encoding oxidative stress and inflammatory processes may be important 

in mediating mTBI long-term neural recovery.

This notion, that genetic factors may modulate (i.e., exacerbate or potentiate) the 

relationship between mTBI and neural integrity, is consistent with recent work suggesting 

that genetic factors influence the association between mTBI and cortical thickness.13 Using 

polygenic risk scores that are derived from large-scale consortia-based genome wide 

association studies (GWAS) and are computed to provide an index of an individual’s genetic 

risk across the genome of a particular trait, Hayes and colleagues showed that individuals 

who reported a mTBI and had greater polygenic risk for AD had reduced cortical thickness 

in AD-vulnerable brain regions. Importantly, this study also demonstrated that the effect on 

cortical thickness was accelerated in males further removed from their injury, providing 

preliminary evidence that genetic risk may moderate the association between mTBI and 

neurodegeneration.

PTSD and Cerebrovascular Function in Patients with mTBI

Posttraumatic stress disorder (PTSD) is a common comorbid condition affecting many 

veterans with mTBI. PTSD is a debilitating mental illness defined by symptoms of re-

experiencing of a traumatic event (e.g., flashbacks), avoidance (e.g., avoiding trauma 

provoking situations or stimuli), negative cognitions and mood, and hyperarousal. Estimates 

suggest that as many as 40% of Operation Enduring Freedom/Iraqi Freedom/New Dawn 

(OEF/OIF/OND) veterans who suffered a loss of consciousness from mTBI also meet 

criteria for PTSD69 and approximately 30% of individuals who initially develop PTSD 

following a psychologically traumatic event suffer from a chronic form of the condition that 

lasts for years,70 among whom psychiatric and medical comorbidities are common.71

Documented physical co-morbidities of PTSD include early onset of age-related conditions 

such as cardiovascular disease and peripheral metabolic dysfunction.72–74 For example, in a 

study of over 18,000 veterans, Boscarino75 found that PTSD was associated with early-age 

heart disease compared to controls, even after controlling for cardiovascular risk factors 

(e.g., body mass index, number of years smoking). Similarly, in a U.S population study of 

older adults, Pietrzak and colleagues76 found that lifetime PTSD was associated with 

increased odds of hypertension, angina, tachycardia, and other related conditions, even when 

accounting for significant comorbidities such as substance abuse and mood and anxiety 

disorders. Other research points to an association between PTSD and cardiac dysfunction, 

with one twin study showing that the incidence of coronary heart disease was more than 

double in twins with PTSD than in those without PTSD77 and another study finding that 

veterans with PTSD were at increased risk for developing heart failure over a seven year 

follow-up time period.78 Furthermore, recent research has demonstrated that these PTSD-

related peripheral disruptions in metabolic health are associated with reductions in neural 

integrity, with alterations in the cortical mantle79 and white matter tracts.80 However, all of 

the studies conducted to date have focused on peripheral metabolic dysfunction and 

associated consequences; it remains unknown whether these peripheral alterations are also 

manifested in disruptions in cerebrovascular function. Given that PTSD has also been 

associated with molecular disease processes such as oxidative stress and neuroinflammation,
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81–84 which have also been linked to disruptions in the cerebrovascular system in mTBI, it is 

conceivable that PTSD may have similar associations with cerebrovascular health. 

Moreover, as recent findings suggest that PTSD and mTBI may interact to influence neural 

integrity,85 it is possible that a similar relationship exists relative to cerebrovascular function. 

Specifically, it is possible that through the mechanisms of inflammation and oxidative stress, 

PTSD produces a cellular state in the brain that exacerbates the effects of mTBI on 

cerebrovascular function and neurodegeneration. It will be important for future work to 

consider this possibility.

Age as a Factor Relevant to Cerebrovascular Function in Patients with mTBI

Chronological age is a well-established risk factor for vascular disease. Work has shown that 

aging is associated with morphological changes to the vasculature, including arterial wall 

thickening and vascular stiffening.86–89 These changes result in increased blood pressure 

and reduced perfusion and contribute to the increased rate of vascular risk factors such as 

hypertension and diabetes.86,90,91

In the brain, studies in neurologically healthy older adults have shown a link between 

vascular health and structural integrity.51−55 For example, in a group of older adults, 

Brickman and colleagues51 found that regions with reduced cerebral blood flow were more 

likely to be classified as white matter hyperintensities, which in turn have been associated 

with cognitive impairment.91 Consistent with these findings, Promjunyakul et al.52 

examined cognitively intact elderly subjects over an 18 month period and found that brain 

regions with white matter hyperintensities at follow-up had significantly lower cerebral 

blood flow at baseline, suggesting that baseline cerebral blood flow may be related to the 

development of white matter lesions over time. Other work has shown that reduced cortical 

cerebral blood flow was associated with disrupted white matter integrity in older adults.48 

Together, these findings suggest that overall blood supply to the brain is an important 

indicator of neural integrity and that alterations in the cerebrovasculature with advancing age 

may potentially exacerbate structural deterioration in the brain. Thus, it is concievable that 

age may act as a moderating factor in the relationship between mTBI and cerebrovascular 

dysfunction. Specifically, increasing age may initiate cellular mechanisms of vascular 

disruption that may then excerbate the effect of mTBI on cerebrovascular health. It will be 

important for studies examining the association between mTBI and cerebrovascular 

dysfunction to also consider age as a potential moderating factor of that relationship.

Limitations

It is worth noting a few limitations of the work reviewed here. First, the work to date is 

largely cross-sectional. Future longtiduinal work is needed to confirm the current hypothesis 

that disruptions in the cerebrovascular system contribute to neural integrity loss in mTBI. 

Second, cerebral blood flow is tightly coupled to neural activity (i.e., neurovascular 

coupling), which may potentially limit interpretation of existing work. Specifically, it is 

possible that neural activity rather than vascular function may underlie the relationship 

between mTBI and neurodegeneration. However, longitudinal evidence in older adults 

supports the hypothesis proposed in this review, with results showing an association between 
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cerebrovascular dysfunction and long-term structural changes.52 Nonetheless, it will be 

important for future work to simultaneously examine neural activity and vascular function 

and their interactions in the overarching relationship between mTBI and structural integrity. 

Lastly, it should be noted that cerebral blood flow is one of many indices of cerebrovascular 

health. Future research should explore other metrics of vascular reactivity to garner a more 

complete picture of the relationship between cerebrovascular dysfunction and mTBI.

Conclusions

The work discussed in this article underscores the importance of studying cerebrovascular 

health in mTBI and suggests that disruptions in the cerebrovascular system may have 

deleterious effects on neural integrity. Nonetheless, it remains an open question whether 

cerebrovascular disruptions act as a pathological link between mTBI and neurodegenerative 

disease. Ultimately, longitudinal studies are needed to fully evaluate this possibility. 

Research studies collecting detailed longitudinal biological, neuroimaging, and psychiatric 

data such as the Translational Research Center for TBI and Stress Disorders (TRACTS), the 

Chronic Effects of Neurotrauma Consortium (CENC), and the Alzheimer’s Disease 

Neuroimaging Initiative-Department of Defense (ADNI-DOD) are currently ongoing and 

offer promising insight into this question. The continued efforts of these large-scale 

longitudinal studies are critical toward a more comprehensive understanding of chronic 

mTBI. Moving into the future, research focused on the cerebrovascular system will be 

important to advance our understanding of the neurobiological mechanisms underlying the 

long-term consequences of mTBI and to guide long-term health strategies for mTBI patients. 

These advances will help to propel the field forward and may offer unique therapeutic 

interventions and targets.
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Figure 1. 
This figure shows the conceptual framework of the hypothesized associations between 

mTBI, genetic risk, PTSD, age, cerebrovascular dysfunction, neurodegeneration, and 

neurodegenerative disease. This figure shows that mTBI is associated with residual 

disruptions in cerebrovascular function, a relationship that may also be moderated by other 

environmental (e.g., PTSD), age, and genetic risk factors. In turn, these residual disruptions 

in the cerebrovascular system may contribute to compromised brain integrity. Lastly, this 

figure shows that this association between mTBI, cerebrovascular dysfunction, and 

neurodegeneration may propagate neurodegenerative disease processes and thus serve as a 

pathological link between mTBI and neurodegenerative disease. AD=Alzheimer’s disease; 

CBF=cerebral blood flow; CTE=chronic traumatic encephalopathy; PD=Parkinson’s 

disease; PTSD=posttraumatic stress disorder; WM=white matter
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