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Abstract

This article provides a systematic review of current research on Neurovascular Coupling (NVC), covering its fundamental
mechanisms, role in diseases, investigative technologies, and future directions. NVC describes the process where neuronal
activity triggers localized changes in cerebral blood flow (CBF). This mechanism is orchestrated by the Neurovascular Unit
(NVU), a functional complex comprising neurons, glial cells (e.g., astrocytes), and vascular cells (e.g., endothelial cells,
pericytes, vascular smooth muscle cells). These components work in concert through intercellular signaling to co-regulate CBF.
The regulation involves various vasoactive substances, including nitric oxide (NO) and prostaglandin E2 (PGE2).Dysfunction of
NVC is a critical pathological mechanism in neurological disorders. In Alzheimer's disease, abnormalities across the NVU lead
to blood-brain barrier disruption and impaired clearance of amyloid-p, exacerbating cognitive decline. Similarly, in cerebral
small vessel disease, endothelial dysfunction manifesting as impaired NVC is a key feature, with severity correlating with
structural damage like white matter hyperintensities. Following an ischemic stroke, NVU component abnormalities cause acute
NVC decoupling, and the degree of functional recovery is closely associated with neurological prognosis. Technologies for
studying NVC are evolving. Established methods include functional Magnetic Resonance Imaging (fMRI), which measures the
blood-oxygen-level-dependent (BOLD) signal, and transcranial Doppler ultrasound. Recent advancements feature novel tools
like high-speed, large-field-of-view photoacoustic/fluorescence hybrid microscopes (e.g., LiTA-HM), enabling cortex-wide
imaging of neurovascular dynamics with subcellular resolution. Current research challenges include reliance on animal models.
Future directions should integrate structural and functional neuroimaging techniques. Therapeutically, strategies aimed at
enhancing endothelial function to restore NVC hold promise. Combining advanced imaging with omics technologies will likely
deepen the understanding of the N\VVU and propel the field toward precise prevention and treatment of NV C-related diseases.
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1. Introduction

1.1. Definition and Physiological Function of
Neurovascular Coupling (NVC)

The neurovascular coupling (NVC) is the process linking
neuronal activity to hemodynamic changes [1]. When neurons
in a specific brain region are activated due to functional de-
mands (such as sensation, movement and cognition), the
corresponding brain region is accompanied by an increase in
blood flow and volume. This change is usually triggered by
neuromodulatory mechanisms to meet the oxygen and nutri-
ent requirements of local neural activity. Conversely, when
neuronal activity decreases, cerebral blood flow (CBF) de-
creases accordingly, thereby achieving precise regulation of
CBF. Additionally, studies have shown that under different
body states and in different brain regions, NVC may exhibit
asynchronous changes, such as increased neural activity
without a corresponding increase in CBF or increased CBF
without increased neural activity [2].

The neurovascular unit (NVU) serves as the structural and
functional foundation for NVC and is composed of neurons,
glial cells (including astrocytes and microglia), brain mi-
crovascular endothelial cells (BMECs), pericytes, and the
extracellular matrix [3]. NVC, a cell-to-cell signaling
mechanism, involves nearly all cellular components of the
NVU. Through coordinated intercellular signaling, these
cells work together to form a dynamic regulatory system that
precisely modulates CBF, vascular function, neuroimmune
responses, and metabolic waste clearance [4, 5]. Dysfunc-
tion in NVU components leads to blood-brain barrier (BBB)
breakdown, contributing to pathologies such as stroke,
Alzheimer's disease, Parkinson's disease and traumatic brain
injury by allowing inflammatory infiltration and edema
[6-8].

In summary, the mechanisms and regulation of the NVC are
crucial for maintaining normal brain function. They hold great
significance in understanding brain function and developing
relevant therapeutic strategies.

1.2. The Physiology of Neurovascular Coupling
(NVC) Regulation

NVC is a complex process co-regulated by feedforward
and feedback mechanisms [9]. The feedforward mechanism
relies on non-metabolic signaling pathways (e.g., glutama-
tergic synaptic signaling) to directly activate intracellular
calcium-dependent cascades, generating vasoactive messen-
gers that increase CBF. In contrast, the feedback mechanism
is modulated by metabolic factors (such as oxygen, glucose,
and carbon dioxide), where decreased oxygen (O, ) or ele-
vated carbon dioxide (CO; ) levels trigger vasodilation to
adjust CBF. These two mechanisms act in concert to main-
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tain homeostasis within the brain's internal environment [10,
11].

NVC involves a coordinated sequence in which neuronal
activity (e.g., glutamate release) activates glial cells, leading
to the release of vasoactive substances, such as nitric oxide
(NO), prostaglandins, and epoxyeicosatrienoic acids. These
mediators regulate vascular tone and local blood flow. NO
acts as a key signaling molecule, produced by neuronal nitric
oxide  synthase  (nNOS), which  couples  with
N-methyl-D-aspartic acid (NMDA) receptors via the scaf-
folding postsynaptic density-95 (PSD95) to facilitate vasodi-
lation. Additionally, CO, modulates NVC by inducing
changes in extracellular pH and vascular tone. The ren-
in-angiotensin system (RAS) also participates, where angio-
tensin 1l (Ang Il) promotes vasoconstriction via AT1 recep-
tors, potentially disrupting NVC under pathological condi-
tions [12].

NVC is frequently impaired in disease states such as dia-
betic retinopathy, hypoxia, and neurodegenerative disorders.
For instance, hypoxia triggers an initial reduction in CBF,
followed by a compensatory increase, although neuronal
activity may remain suppressed. In diabetes, hyperglycemia
and elevated Ang Il levels contribute to microvascular dys-
function and inflammatory responses, thereby attenuating
functional hyperemia [13]. These alterations highlight the
vulnerability of NVC mechanisms in disease and their role in
exacerbating neurological injury.

1.3. Core Mechanisms of Neurovascular
Coupling (NVC)

NVC clarifies how neuronal activation directly gener-
ates signals or transmits them to glial cells and interneu-
rons, ultimately influencing microvessels and modulating
CBF in response to metabolic demands. Neurons act as
primary sensors of neural activity and transmit signals that
initiate vascular responses. Astrocytes envelop blood ves-
sels with their end-feet, secreting factors such as vascular
endothelial growth factor (VEGF) to modulate BBB per-
meability [14, 15]. Microglia serve as immune sentinels,
phagocytizing debris and releasing inflammatory media-
tors [16]. BMECs form the BBB's core through tight junc-
tions, limiting paracellular transport [17]. Pericytes, em-
bedded in the capillary basement membrane, contract to
regulate blood flow and stabilize endothelial connections
[18].

This integrative methodology, which focuses on vascu-
lar-neural interactions, offers a new paradigm for fully elu-
cidating the neurovascular mechanisms implicated in brain
pathologies.


http://www.sciencepg.com/journal/cnn

Clinical Neurology and Neuroscience

http://www.sciencepg.com/journal/cnn

2. NVC Impairment is a Shared
Pathophysiological Mechanism in
Multiple Neurological Diseases

2.1. The Role of Neurovascular Unit
Dysfunction in the Pathophysiology of
Alzheimer's Disease

In the pathological process of Alzheimer's disease (AD), all
components of the NVU, including BMECs, pericytes, as-
trocytes, and microglia, undergo significant impairment,
forming a self-reinforcing vicious cycle [19].

In the early stages of AD, the integrity of the BBB is com-
promised. In regions such as the hippocampus and cerebral
cortex, the expression of tight junction proteins in endothelial
cells is downregulated and the activity of matrix metallopro-
teinase-9 (MMP-9) is increased [20]. These changes lead to
the degradation of basement membrane components and a
significant reduction in pericyte coverage, which further re-
sults in the extravasation of plasma proteins (e.g., fibrinogen
and thrombin) and the subsequent triggering of neuroin-
flammation.

Furthermore, impairment in the clearance function of AP
can also exacerbate neuroinflammation through two mecha-
nisms. First, transporter dysfunction impairs AP clearance via
reduced AP efflux from LRP1 downregulation and increased
AP influx from RAGE upregulation, both of which contribute
to cerebral AP accumulation. Second, reduced expression of
aquaporin-4 (AQP4) on astrocytic endfeet further impairs
glymphatic system function, thereby compromising the
clearance of toxic proteins such as AP and tau [21]. Beyond
driving neuroinflammation, AP deposition impairs capillary
blood flow regulation via aberrant pericyte contraction and
downregulated microglial P2Y12 receptors [22]. Chronic
cerebral hypoperfusion upregulates the expression of be-
ta-secretase 1 (BACEL) via hypoxia-inducible factor 1 subu-
nit alpha (HIF-1a) signaling, thereby promoting the produc-
tion of AP and amplifying AB pathology [23].

Studies indicate that as early as 3 months of age, AD mod-
els exhibit attenuated and delayed NVC responses. This im-
paired hemodynamic regulation fails to meet the metabolic
demands of neuronal activity, leading to deficient functional
hyperemia, which in turn causes chronic metabolic deficits
and local tissue hypoxia. Furthermore, resting-state functional
connectivity imaging reveals initial hyperconnectivity, fol-
lowed by a progressive reduction in connectivity within the
default mode network, reflecting impaired neurovascular
synchronization [24]. These changes result in dysregulated
capillary constriction, reduced capillary density, and micro-
hemorrhages.

Microglia also play a key role in AD pathogenesis. A ac-
cumulation  prompts  their  polarization toward a
pro-inflammatory M1 phenotype. Once activated, these mi-
croglia release inflammatory cytokines such as tumor necrosis
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factor-o (TNF-a) and Interleukin - 1B(IL-1B), as well as reac-
tive oxygen species, which further degrade tight junctions and
promote the infiltration of peripheral immune cells [25]. Fur-
thermore, they interact with astrocytes, inducing the formation
of neurotoxic Al reactive astrocytes, which further amplifies
the neurodegenerative process [23]. Vascular risk factors such
as hypertension, exacerbate this cascade via a pathway of oxi-
dative stress involving Nicotinamide Adenosine Dinucleotide
Phosphate (NADPH) oxidase activation [26].

Together, these mechanisms form a self-reinforcing cycle
in which AP deposition intensifies NVU damage, and con-
versely, NVU dysfunction further obstructs AP clearance.
This dysfunction manifests as a unified pathological axis in
AD, encompassing BBB leakage leading to toxin accumula-
tion, NVC impairment resulting in hypoperfusion, and peri-
cyte loss coupled with neuroinflammation, collectively driv-
ing cognitive deterioration. Multi-target therapeutic strategies
directed at the NVU demonstrate considerable potential. For
instance, galantamine has been shown to partially restore
NVC by enhancing cholinergic signaling. Other promising
approaches include targeting the PDGF-BB pathway to pro-
tect pericytes, inhibiting MMP-9 activity to repair BBB in-
tegrity, and modulating AQP4 function to improve glym-
phatic clearance [27, 28].

2.2. The Role of Neurovascular Unit
Dysfunction in the Pathophysiology of
Parkinson's Disease

Parkinson's disease (PD), the second most common neu-
rodegenerative disorder, is characterized by the progressive
loss of dopaminergic neurons in the substantia nigra pars
compacta and the presence of Lewy bodies [29, 30].

The reduced expression and mislocalization of AQP4 on
astrocytic end-feet compromises glymphatic clearance of
toxic solutes and disrupts vasodilatory signaling. Concur-
rently, activated astrocytes release pro-inflammatory cyto-
kines such as interleukin-6 (IL-6), which further exacerbate
endothelial injury and BBB disruption. These inflammatory
processes also impair the normal regulatory functions of as-
trocytes on pericytes, leading to dysregulation of capillary
contractility [31, 32]. In the early stages, impaired NVC
manifests as reduced functional connectivity and CBF within
visual and sensorimotor networks, correlating with diverse
motor and non-motor symptoms. As the disease progresses to
advanced stages, this deficit evolves into critical hypoperfu-
sion, culminating in the rapid and pronounced deterioration
of cognitive and motor functions [33, 34].

Endothelial dysfunction is a central pathophysiological
event in NVC impairment in PD. In the brains of patients
with PD, decreased expression of tight junction proteins in-
creases BBB permeability, resulting in the extravasation of
serum albumin, fibrinogen, and other macromolecules,
thereby triggering local inflammation and tissue injury.
Concurrently, the accumulation of neurotoxic substances
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results from dysfunction of endothelial transporters, includ-
ing diminished P-glycoprotein (P-gp) function in advanced
stages. Furthermore, upregulation of the receptor for ad-
vanced glycation end products facilitates the entry of
a-synuclein  (a-syn) into the brain and promotes
pro-inflammatory signaling. Additionally, cerebrovascular
remodeling occurs in PD, exemplified by increased "string
vessels" in the substantia nigra and endothelial cell loss,
which further compromises CBF regulation [35].

Subsequently, C3 binds to C3a receptors (C3aR) on the
neuronal surface, which in turn activates glycogen synthase
kinase 3p (GSK3p), thereby exacerbating neuronal apoptosis
and the pathological aggregation of a-syn [31]. Meanwhile,
loss-of-function of PD-associated DJ1 gene impairs lysoso-
mal proteolytic function in astrocytes, leading to the accu-
mulation of advanced glycation end products. This further
exacerbates the phosphorylation and aggregation of a-syn.
Additionally, DJ1 deficiency reduces the anti-inflammatory
capacity of astrocytes and increases the release of
pro-inflammatory cytokines such as interleukin-18 (IL-18)
[36]. Furthermore, the expression of excitatory amino acid
transporter 2 (EAAT?2), a glutamate transporter in astrocytes,
is downregulated by the influence of PD-associated gene
mutations, such as those in LRRK2 and DJ1. This leads to
impaired glutamate clearance and subsequent induction of
excitotoxicity [37]. It also abnormally activates the NLRP3
inflammasome, mediating the release of IL-1p via Caspase-1
and thereby amplifying neuroinflammation [38]. However,
healthy astrocytes can exert neuroprotective effects through
multiple mechanisms, including the secretion of neurotrophic
factors such as glial cell line-derived neurotrophic factor and
mesencephalic astrocyte-derived neurotrophic factor, transfer
of healthy mitochondria to damaged neurons, and clearance
of extracellular a-syn [39].

In PD, the accumulation of a-syn activates microglia, in-
ducing their polarization toward the proinflammatory M1
phenotype. These activated M1 microglia release cytokines
such as TNF-a and IL-1B, as well as reactive oxygen species
(ROS). These factors degrade tight junction proteins and
promote the infiltration of peripheral immune cells, thereby
exacerbating BBB damage. Furthermore, activated microglia
interact with astrocytes, inducing the generation of neuro-
toxic Al reactive astrocytes. This forms an inflammatory
amplification loop that further impairs NVC [40].

In summary, in the pathogenesis of PD, functional dysreg-
ulation across various components of the NVU collectively
contributes to impairments in NVC. This interplay ultimately
establishes a self-perpetuating pathological cycle, beginning
with inflammatory initiation, leading to NVC dysfunction,
and culminating in neuronal injury. Targeting this mechanism,
intervention strategies aimed at restoring NVU functionality,
including preserving pericyte function, modulating trans-
porter activity in endothelial cells, and inhibiting microglial
overactivation, hold promise as potential therapeutic avenues
to block or delay the progression of PD.
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2.3. The Role of Neurovascular Unit
Dysfunction in the Pathophysiology of
Hypertension-induced Cognitive
Impairment

Hypertension induces multifaceted alterations in the NVU
that drive the pathogenesis of cognitive impairment. Initially,
hypertension promotes structural and functional disturbances
of the NVU. Endothelial dysfunction emerges as an early
event [41], characterized by increased BBB permeability,
downregulation of tight junction proteins, and reduced NO
bioavailability, leading to microvascular rarefaction and cer-
ebral hypoperfusion [42, 43].

Aberrant CaZ signaling in astrocytic end-feet, such as
enhanced activation of TRPV4 channels, triggers the release
of inflammatory mediators, exacerbating vasoconstriction
and neuroinflammation. Pericyte loss and capillary con-
striction further compromise microcirculation, limiting oxy-
gen and nutrient delivery. Collectively, these changes con-
tribute to chronic cerebral hypoperfusion and oxidative stress,
promoting neuronal injury and white matter lesions [44].
Mechanistically, overactivation of the RAS is a central driver
of these changes. Ang I, via AT1 receptors, stimulates
NADPH oxidase to generate ROS, inducing oxidative and
nitrosative stress that disrupts endothelial and astrocytic
function [45]. NVC is impaired, manifesting as attenuated
functional hyperemic responses; for instance, elevated pulse
pressure increases arterial stiffness and pulsatility index,
compromising vascular regulation. Furthermore, aberrant
VNC prevents vascular signals from effectively modulating
neuronal activity, further undermining cognitive processing
[46]. Inflammatory cascades, including microglial activation
and cytokine release, amplify damage, establishing a positive
feedback loop that accelerates neurodegeneration.

As a pressure-sensing and signal-integrating hub, the NVU
plays a central role in the pathogenesis of hypertension-related
cognitive decline. Its dysfunction directly leads to cerebral
hypoperfusion, metabolic imbalance, and dysregulation of
neuronal networks, resulting in deficits in memory, processing
speed, and executive functioning. Targeting NVU components,
such as using ARBs to block AT1 receptors or antioxidant
therapies, may restore blood flow regulation and cognitive
performance, highlighting the NVU as a critical target for
therapeutic intervention. In summary, hypertension disrupts
NVU homeostasis through multiple pathways, driving cogni-
tive impairment progression. Future studies should focus on
elucidating the mechanisms of intercellular communication
within the NVU to develop precise therapeutic strategies.

2.4. The Role of Neurovascular Unit
Dysfunction in the Pathophysiology of
Stroke

Following a stroke, significant abnormalities emerge in the
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components of NVU and the function of NVC. During the
acute phase of injury, impairment of NVU components leads
to uncoupling of neuronal activity from CBF regulation. For
instance, following subarachnoid hemorrhage, a phenome-
non termed "inverted NVC" has been observed, in which
neuronal activation paradoxically induces vasoconstriction.
In the chronic phase, NVC may exhibit partial recovery in
certain brain regions, particularly within the ischemic pe-
numbra. The extent of functional restoration is closely asso-
ciated with neurological prognosis.

Ischemia rapidly induces functional abnormalities in cere-
bral microvascular endothelial cells. This is characterized by
the downregulation of tight junction proteins, such as Clau-
din-5, Occludin, and Zonula Occludens-1 (ZO-1), resulting
in increased BBB permeability. The subsequent extravasation
of high-molecular-weight substances, such as serum albumin
and fibrinogen, triggers localized inflammation and tissue
damage. Concurrently, dysfunction of endothelial transport-
ers contributes to the accumulation of neurotoxic substances.
For example, upregulation of RAGE can facilitate the influx
of a-syn into the brain, thereby activating pro-inflammatory
signaling pathways. Furthermore, cerebrovascular remodel-
ing occurs, marked by an increase in "string vessels" and
endothelial cell loss within the substantia nigra region, which
further compromises the regulation of CBF [47-49].

In the early phase of stroke, pericytes may contribute to
capillary occlusion through vasoconstriction, and later, they
shift toward a pro-inflammatory phenotype that exacerbates
cerebral edema by increasing BBB permeability. Pericyte
loss leads to blunted capillary dilation responses, impairing
cerebral autoregulation and disrupting BBB integrity. Addi-
tionally, pericyte deficiency compromises the normal regu-
latory control of astrocytes over capillary constriction, ulti-
mately disrupting the dynamic coupling between CBF and
neuronal metabolic demand [50].

Under ischemic conditions, astrocytes undergo significant
pathological alterations characterized by mitochondrial dys-
function, disruption of ionic homeostasis, and aberrant acti-
vation of AQP4, collectively triggering cellular swelling.

Concurrently, the maldistribution of AQP4 at astrocytic
end-feet impairs vasodilatory signaling and compromises
CBF regulation. Furthermore, activated astrocytes release
pro-inflammatory cytokines, including IL-6 and IL-1p,
which exacerbate endothelial injury and BBB disruption.
Notably, these astrocytes can be polarized into neurotoxic
Al-type reactive astrocytes by activated microglia, thereby
establishing a self-amplifying inflammatory cycle that per-
petuates ischemic damage [51].

Microglia are rapidly activated following ischemic stroke.
The accumulation of a-syn can polarize these cells towards a
pro-inflammatory M1 phenotype, prompting the release of
cytokines such as TNF-o and IL-1f, as well as ROS. This
response contributes to the degradation of tight junction pro-
teins within the BBB, facilitating the infiltration of peripher-
al immune cells. The interaction between activated microglia
and astrocytes further amplifies the inflammatory cascade,
compromising the structural and functional integrity of NV U.
Notably, NLRP3 inflammasome activation is particularly
prominent in microglia, where it mediates the cleavage and
release of mature IL-1B, significantly exacerbating neuroin-
flammation and contributing to NVU injury [52].

In the early phase of cerebral ischemia, neurons undergo
apoptosis and necrosis due to excitotoxicity mediated by
glutamate, intracellular calcium overload and severe oxida-
tive stress. This ischemic insult leads to a temporal dissocia-
tion between CBF dynamics and neuronal activity, a phe-
nomenon described as NVC "uncoupling”. In its initial stages,
this dysregulation primarily manifests as NVC impairment
within the visual and tsensorimotor networks. As the condi-
tion progresses to later phases, persistent cerebral hy-
poperfusion accelerates the deterioration of both cognitive
and motor functions [53-55].

Furthermore, abnormalities in intercellular communication
within NVU exacerbate injury. This is exemplified by
dysregulated inflammatory signaling between microglia and
astrocytes and a mismatch in metabolic demand between
neurons and endothelial cells [56].

Table 1. NVC Pathology in Neurological Disorders.

disease common pathological changes specific pathological changes Relevant targets References
Increased amyloid-beta (Ap) szgfupgg?gg

BBB impairment (decreased expression  Production combined with impaired pathwa); TLR4

AD of tight junction proteins, pericyte loss), clearance leads to neuroinflammation, pathwayl GSK-3p [19-28]
Astrocytes (abnormal distribution of vascular dysregulation, tau protein kinase. CDKS kinase
AQP4 in endfeet, release of pathf)log){, and extensive loss of AChE: NMDA, '
proinflammatory factors by activated cholinergic neurons. BDNE
cells), Microglial activation induces the
release of cytokines such as TNF-o.and ~ Pathological aggregation of a-syn eNOS, ATIR/ATZR,

PD IL-1p, as well as the production of ROS.  directly impairs synaptic structure and PDGFRp, BDNF, [29-40]

function, and induces inflammatory
responses as well as dopaminergic
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GFAP, Nrf2/ARE
pathway
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disease common pathological changes specific pathological changes Relevant targets References
neuron degeneration.
Hyperten- Overactivation of the ren- eNOS, AT1R/AT2R,
sion-induced in-angiotensin system (RAS) and im-  PDGFRp, BDNF, [41-46]
cognitive pairment of the myogenic contraction  GFAP, Nrf2/ARE
impairment response. pathway
Glutamate-mediated excitotoxicity, tPA, UPA,
. . GP I b/llaR,
intracellular calcium overload, and POY12R
stroke severe oxidative stress lead to exten- TLRA/NF-cB path- [47-56]

sive neuronal apoptosis and necrosis,
as well as the "inverted NVC" phe-

nomenon.

3. The Critical Role of Technology in
Advancing Research on NVC
Dysfunction

NVC refers to the close relationship between neuronal ac-
tivity and CBF, which is crucial for understanding brain
function and dysfunction. Various neuroimaging techniques
have been developed to study NVC, each with unique ad-
vantages and limitations.

Functional magnetic resonance imaging (fMRI), particu-
larly blood oxygenation level-dependent (BOLD) fMRI,
emerged in the early 1990s as a non-invasive tool for indi-
rectly mapping brain activity via hemodynamic changes. It
offers high spatial resolution (mm-level) but suffers from
low temporal resolution (seconds) and indirect measurement
of neural activity, often requiring complex modeling to infer
NVC [57]. Electroencephalography (EEG) provides milli-
second temporal resolution for direct neural recording but
has poor spatial resolution and is susceptible to artifacts
when combined with MRI, such as gradient-induced noise,
which limits its use in simultaneous EEG-fMRI studies.
Transcranial Doppler ultrasound (TCD), used since the
1990s, measures cerebral blood velocity in real time with
portability but is limited to large vessels (e.g., middle cere-
bral artery) and has low spatial resolution, making it unsuita-
ble for capillary-level NVC assessment [58].

To overcome these limitations, multimodal approaches
gained prominence in the 2000s. Simultaneous EEG-fMRI
combines EEG's temporal precision with fMRI's spatial de-
tail, allowing direct correlation of neural and hemodynamic
signals. However, it requires artifact correction for EEG data
and careful synchronization, and physiological confounds
(e.g., heart rate, blood pressure) can affect results if not con-
trolled [59, 60]. Functional near-infrared spectroscopy
(fNIRS) paired with TCD offers a portable alternative for
measuring oxygenation and blood flow with moderate tem-
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way, Notch pathway,
NLRP3, VEGF,
PDGFRp, BDNF

poral resolution (1 Hz); however, it is restricted to superficial
cortical regions and has a lower spatial resolution than fMRI
[61]. These methods excel in clinical settings for studying
epilepsy and cognitive tasks but require rigorous physiologi-
cal monitoring to ensure validity.

Recent advances include photoacoustic microscopy (PAM),
which integrates optical and acoustic imaging to achieve
high-resolution (um) mapping of blood oxygenation and
flow without labels. For example, a linear transducer ar-
ray-based hybrid microscope (LiTA-HM) enables cor-
tex-wide imaging in awake mice at 0.8 s temporal resolution,
capturing detailed NVC dynamics during hypoxia and epi-
lepsy [62]. Its advantages include high spatial resolution and
simultaneous neural-vascular imaging; however, it is inva-
sive and requires surgical preparation. Similarly,
head-mounted microscopes combine PAM and fluorescence
microscopy for freely behaving animals, providing real-time
data on neuronal and hemodynamic activities with minimal
restraint artifacts, although their weight and size can limit
natural behavior [63, 64]. The wireless integrated sensing
detector (WISDEM) allows simultaneous EEG and fMRI by
encoding signals on sidebands, eliminating cables and re-
ducing artifacts during MRI sequences. It facilitates NVC
studies in rodents with optogenetic stimulation but has re-
duced signal-to-noise ratio compared to wired systems [63,
65]. In humans, adaptive optics rolling slit ophthalmoscopy
(AO-RSO) non-invasively images retinal NVC with mi-
crometer resolution, serving as a window into brain health. It
detects vasodilation responses to flicker stimuli with high
precision but is limited to the retina and requires complex
instrumentation [66].

NVC neuroimaging has evolved from single-modality
techniques to integrated, multimodal systems that provide
comprehensive insights into brain function. In the field of
medical neuroimaging and neural monitoring technologies,
every approach is accompanied by inherent tradeoffs. For
instance, fMRI, a widely used non-invasive neuroimaging
modality, offers excellent spatial resolution, enabling precise
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localization of brain regions involved in specific functions;
however, it is limited by relatively poor temporal resolution,
which restricts its ability to capture rapid neural activity dy-
namics. Similarly, wireless neural monitoring systems pro-
vide significant advantages in terms of convenience, as they
allow for ambulatory monitoring of patients without the con-
straints of wired connections. However, this convenience
often comes at the cost of a reduced signal-to-noise ratio
(SNR), which may compromise the accuracy and reliability
of the collected neural data. Despite these existing limita-
tions, the future development directions of these technologies
are clearly oriented toward three key goals: first, the minia-
turization of devices to enhance patient comfort and expand
the scope of applicable scenarios (e.g., long-term wearable
monitoring); second, the development and optimization of
advanced artifact handling algorithms and techniques to
minimize the impact of interference factors (such as motion
artifacts or environmental electromagnetic noise) on data
quality; and third, the expansion of their clinical application
spectrum, with a particular focus on addressing unmet needs
in the diagnosis, prognosis assessment, and treatment moni-
toring of neurodegenerative diseases (including AD, PD, and
amyotrophic lateral sclerosis).

4. Conclusions and Future Directions

NVC dysfunction has been recognized as a core patho-
physiological mechanism shared by multiple brain disorders.
NVC refers to the precise matching of regional CBF to the
metabolic demands of active neurons. Its dysregulation can
be attributed to several factors, including vascular risk fac-
tor-induced  endothelial ~ dysfunction,  neuroinflamma-
tion-mediated BBB disruption, and impaired clearance of
toxic metabolites such as B-amyloid. These processes collec-
tively establish a self-perpetuating vicious cycle that exacer-
bates neuronal injury and accelerates disease progression.

As an early and sensitive biomarker of neurological dis-
eases, NVC dysfunction offers a unique window for early
diagnosis and intervention before significant neuronal loss.
Currently, a range of noninvasive techniques are widely em-
ployed to assess NVC integrity. These include functional
MRI methods, such as BOLD-fMRI and dynamic con-
trast-enhanced (DCE) MRI, which evaluate hemodynamic
responses and BBB permeability, respectively; diffusion
tensor imaging (DTI) to assess white matter integrity; TCD
to measure CBF velocity; and dynamic vascular analysis
(DVA) to evaluate cerebrovascular reactivity. These tools
provide critical means for disease diagnosis, monitoring of
disease progression, and evaluation of therapeutic efficacy.

However, current research faces several challenges. There
remains an overreliance on animal models and
non-physiological conditions, limited sample sizes in clinical
studies, and, notably, frequent neglect of key structural fac-
tors, such as cerebrovascular anatomical architecture, in the
regulation of CBF. Future investigations should integrate
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structural and functional neuroimaging modalities. Utilizing
standardized software to analyze larger-scale human datasets
will help bridge species differences and establish clinically
meaningful cerebrovascular outcomes.

Therapeutically, interventions aimed at restoring NVC
function represent a novel approach. Promising strategies
include enhancing eNOS function with medications such as
cilostazol or statins, employing anti-inflammatory agents
such as TNF-a inhibitors to mitigate neuroinflammation,
utilizing analogs of vasoactive neuropeptides such as pitui-
tary adenylate cyclase-activating polypeptide (PACAP) to
modulate vascular tone, and applying endothelin receptor
antagonists (e.g., macitentan) to reverse pathological vaso-
constriction. Preclinical studies suggest that combination
therapies can synergistically improve the matching between
CBF and neuronal activity.

Looking ahead, the integration of advanced imaging tech-
nologies with single-cell transcriptomics and proteomics has the
potential to map spatiotemporal interactions at the neurovascular
interface. This approach will deepen our understanding of NVU
development and homeostasis. The expanding molecular
framework is expected to ultimately pioneer innovative strate-
gies for the prevention, precise diagnosis, and therapeutic man-
agement of NVC-related disorders, offering new hope for im-
proving outcomes in patients with brain diseases.
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